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 Abstract  
 
The role of the micronutrient iron in the regulation of cyanobacteria 
dominance and cyanotoxicity is poorly understood. Iron is required for important 
metabolic pathways, including both phosphorus (P) and nitrogen (N) assimilation, and 
low levels of this element may influence the assimilation of the macronutrients. The 
hypothesis tested was that cyanobacteria produce and utilize siderophores and toxins 
in low iron conditions to scavenge iron, when P and N are not limiting algal growth, 
providing some cyanobacteria with a competitive advantage over other algal species. 
Among the naturally eutrophic lakes studied, cyanobacteria were dominant at low iron 
(>pFe19) concentrations (Spearman r = 0.73, p=0.004). Under these low iron 
conditions, the concentration of hydroxamate siderophores was significantly related to 
cyanobacteria biomass (r
2
=0.81, p<0.001), and the concentrations of extracellular 
microcystin were significantly correlated to the concentrations of hydroxamate 
siderophores (r
2
=0.98, p<0.001). These findings provide support for iron regulation of 
cyanobacteria harmful algal blooms (cyanoHABs). Lake management programs can 
work to mitigate and prevent future cyanoHAB occurrences through the regulation of 
iron in naturally eutrophic lakes.  
 
KEYWORDS: freshwater, eutrophic, cyanobacteria, cyanoHABs, iron, siderophore, 
toxin, microcystin, Alberta 
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Chapter 1 
1. Introduction 
1.1 Problem statement 
Canada is often recognized as a country with an abundant source of freshwater 
with 21% of the world’s total freshwater supply retained in the Great Lakes (Schulte, 
2011); however, within the prairie provinces, freshwater is considered to be a scarce and 
declining resource (Schindler & Donahue, 2006). Trends in air temperature, precipitation, 
and river flows within the Western Prairie Provinces have indicated that precipitation will 
not be enough to offset increases in evapotranspiration, which will lead to drier years and 
shrinking lakes (Schindler & Donahue, 2006). Many lakes within the province of Alberta 
are shallow, productive lakes, with high nutrient concentrations, characterizing them as 
eutrophic lakes (Prepas & Trew, 1983). In the presence of ample nutrients such as P and 
N, these lakes can support proliferating growth of phytoplankton, specifically, 
cyanobacteria. Global reports of freshwater cyanobacteria harmful algae blooms 
(cyanoHABs) suggest that the frequency of cyanoHAB events is on the rise (Perovich et 
al., 2008; Winter et al., 2011). There is lack of knowledge of underlying factors that 
initiate and maintain cyanobacteria blooms (Baptista & Vasconcelos, 2006) and 
cyanotoxins to be produced (Alexova et al., 2011). The need for understanding the 
physiological processes that control and propagate cyanobacteria blooms is stronger than 
ever. 
 
1.2 Cyanobacteria 
Aquatic ecosystems are composed of complex, dynamic food webs with many 
interactions between the numerous species of living animals and plants. The primary 
source of energy, which supports this complicated system, is microscopic suspended 
algae, or phytoplankton. Naturally occurring in all lakes, rivers, seas, and oceans, these 
photosynthetic organisms require a combination of light, carbon dioxide, and specific 
inorganic and organic nutrients for cellular growth (Paerl et al., 2001). Since the amount 
of biomass is influenced by nutrient mass availability, increasing rates of nutrient supply 
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can initiate accelerated rates of growth, leading to large accumulations of phytoplankton, 
also known as algal blooms (Paerl et al., 2001).  
Algal blooms may be composed of several different species of algae. Some 
species are associated with detrimental effects to ecosystems, which has led to the term 
harmful algal blooms (HABs) (Hallegraeff, 2003). Many negative effects are associated 
with HABs, including: depletion of oxygen, decreased transparency, production of 
adverse tastes and odors, and in some cases, production of toxins, harmful to both 
animals and humans (Paerl et al., 2001). Common components of phytoplankton 
associated with the production of HABs are cyanobacteria (Kosten et al., 2012). 
Cyanobacteria belong to a unique group of phytoplankton that has existed for over 
two billion years (Kerr, 2005). These cells have a prokaryotic cellular structure, but 
cyanobacteria also have the ability to perform oxygen-producing photosynthesis (Paul, 
2008). Cyanobacteria occur as single cells, or in clusters and colonies. Tolerant of many 
conditions and environments, cyanobacteria are postulated to have contributed 
significantly towards the development of earth’s early oxygen atmosphere (Kerr, 2005). 
Harsh environmental conditions such as anoxia, high UV exposure, high temperatures, 
and high levels of iron (Fe), sulfide (S
2-
), and methane (CH4), provided evolutionary 
pressures during which cyanobacteria were able to persist throughout and develop 
beneficial physiological, morphological, and ecological adaptations, equipping them with 
a competitive advantage in today’s changing climate (Paul, 2008). One physiological 
attribute exhibited by many cyanobacteria is the ability to fix atmospheric nitrogen gas 
(N2), allowing them to overcome nitrogen (N)-limited growth conditions (Tilman et al., 
1982). Additionally, cyanobacteria are capable of assimilating phosphorus (P) and 
subsequent biosynthesis of polyphosphate as a storage molecule inside the cell (Paerl et 
al., 2001), allowing this group to outcompete the eukaryotic phytoplankton. Each of these 
physiological traits allows cyanobacteria to proliferate and, at times, dominate against the 
competing photosynthetic eukaryotes under relatively extreme environments. 
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1.3 Quantifying cyanobacteria 
Cyanobacteria harmful algal blooms (cyanoHABs) are becoming a common and 
serious problem. Cyanobacteria are able to produce various types of intracellular toxins, 
including neurotoxins, hepatotoxins, and dermatoxins. There is a need for appropriate 
monitoring tools and alert systems. Detection, quantification, and prediction of these 
blooms are very important for freshwater lakes, which provide many ecological services 
to both animals and humans living in the environment (Brient et al., 2007).  
A common measure of algal biomass is the quantification of chlorophyll-a (chl-a) 
through absorbance or fluorescence measurements (Jeffery & Humphrey, 1975; Holm-
Hansen & Riemann, 1978). Algal biomass with concentrations of chl-a greater than 40 
µg/L is characterized as moderate blooms, and chl-a greater than 100µg/L are deemed 
severe blooms (Havens & Walker, 2002). However, as chl-a is found in all 
phytoplankton, there is no way to differentiate cyanobacteria from eukaryotic algae when 
using this parameter of measurement. Therefore, chl-a fluorescence is best used to 
quantify cyanobacteria only when cyanobacteria are the main or dominant organism 
present in the sample—usually for lab cultures (Lawton et al., 1999). When working with 
natural field samples, a more taxon-specific variable for measuring cyanobacteria is 
required. 
One method for quantification of cyanobacteria density is enumeration using a 
counting chamber (haemocytometer) and microscope. This method requires more time, 
ranging from minutes to possibly hours, depending on the density and number of species 
present in the sample (Lawton et al., 1999). Cyanobacteria cell counts may vary 
significantly among individuals, due to the degree in skillfulness and subjective decisions 
made by each counter as they characterize cells into different species (Ahn et al., 2007). 
Another difficulty that arises with microscopic cell counts is the presence of species that 
exist in large colonies or entangled long filaments. Microcystis colonies may be 
composed of thousands of cells, while filamentous cyanobacteria, such as Anabaena, may 
vary in length as well as being entangled with many indistinguishable filaments (Lawton 
et al., 1999; Ahn et al., 2007). Therefore, a more simple, consistent, reliable, and 
objective method should be used. 
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In the last two decades, many studies have been conducted to help create 
alternative monitoring tools for quantification of cyanobacteria in lakes containing mixed 
phytoplankton assemblages (Otsuki et al., 1994; Lee et al., 1995; Ahn et al., 2002; 
Izydorczyk et al., 2005; Ahn et al., 2007; Brient et al., 2007). A common unit of 
measurement within these studies is the phycobiliprotein, phycocyanin. Unique to 
cyanobacteria, phycocyanin is organized in phycobilisomes that are protein assemblies 
coupled to photosystem II (PSII) on the external surface of thylakoid membranes (Colyer 
et al., 2005). Phycobilisomes are composed of four major classes of phycobiliproteins: 
phycoerythrin (PE), phycoerythrocyanin (PEC), phycocyanin (PC), and allophycocyanin 
(APC) (Colyer et al., 2005). PC is recommended for quantification of cyanobacteria 
above the other phycobiliproteins, because freshwater cyanobacteria are generally richer 
in PC than APC and PE (Ahn et al., 2007).  
In freshwater lakes and reservoirs, cyanobacteria are the only microorganisms to 
produce significant quantities of PC (Brient et al., 2007). Detecting cyanobacteria 
concentration in mixed phytoplankton assemblages often relies on in vivo fluorescence 
measurements of PC, which have excitation wavelengths between 550-650 nm and 
emission peaks around 645 nm (Lee et al,. 1995). Significant correlations have also been 
reported between extracted PC concentration and cyanobacteria density (Ahn et al., 2007; 
Brient et al., 2007). Results from Ahn et al. (2002) also showed that PC concentrations 
were better correlated to cyanobacteria cell density than chl-a, concluding that PC 
measurements provide a more reliable estimate of cyanobacteria blooms. Otsuki et al. 
(1994) reported significant correlations between PC concentrations and cyanobacteria 
biomass measured as carbon (r=0.872, p<0.01 at station 9, r=0.978, p<0.001 at station 3), 
indicating that PC concentrations can serve as good indicators of both the presence and 
concentration of cyanobacteria. Algal biomass consisting of PC concentrations > 100 
µg/L are characterized as cyanoHABS (Ahn et al., 2007).  
Studies have shown that there is a sigmoidal, nonlinear relationship between total 
algal density and chl-a (Watson et al., 1992). Ahn et al. (2007) reported that increases in 
total algal density greater than 1000 cells/mL resulted in a nonlinear relationship with 
chl-a and total algal densities greater than 10,000 cells/mL resulted in a decline of chl-a, 
with the decline attributed to a higher proportion of small-sized cyanobacteria (up to 
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100%). Otsuki et al. (1994) found a linear relationship between chl-a and PC in 
Takahamairi Bay, Japan when PC concentrations were below 250 g/L; however, when 
PC concentrations increased beyond 500 g/L, chl-a concentrations remained constant 
around 250 g/L. Similarly, in a pure culture of Microcystis aeruginosa, the linear trend 
of increasing chl-a to PC did not continue past PC concentrations of 1,500 g/L (Otsuki 
et al., 1994). Results of this study led to the conclusion that increase in PC concentrations 
may not always be accompanied by proportional increases in chl-a. Hence, samples with 
high chl-a concentration may not provide reliable estimates of cyanobacteria biomass in 
eutrophic lakes.  
Alberta lakes are commonly shallow, eutrophic lakes, with the potential to 
produce large algal blooms with high biomass. Measurements of PC concentrations can 
provide a more accurate and reliable measurement of cyanobacteria in natural field 
samples containing mixed phytoplankton assemblages (Otsuki et al., 1994). In addition to 
being used as an indicator of cyanobacteria biomass, recent studies have linked 
measurements of PC fluorescence to cyanotoxin concentrations, to serve as an online 
early warning system in reservoir intake water (Izydorczyk et al., 2005). The use of PC 
concentrations, a parameter unique to cyanobacteria, can provide a better, faster, and 
more specific measuring technique for monitoring the presence and potential hazards of 
freshwater lakes and reservoirs. 
 
1.4 Nutrient requirements that regulate cyanobacteria growth 
Cyanobacteria harmful algal blooms (cyanoHABs) have been studied for at least 
130 years in both freshwater and marine ecosystems. Reports of cyanoHABs and related 
poisoning events, mostly in freshwater systems, began in the late 19
th
 century 
(Carmichael, 2008) and cases have increased since then, due to both increased awareness, 
as well as increased occurrences, globally (Perovich et al., 2008; Winter et al., 2011; 
O’Neil et al., 2012). Researchers have explored different aspects that may control the 
rapid growth of cyanobacteria, including increasing temperature and irradiance (Elliott et 
al., 2006; Paerl & Huisman, 2008; Kosten et al., 2012; Paerl & Paul, 2012), and 
increasing nutrient inputs (Schindler, 1977; Findlay & Kasian, 1987; Trimbee & Prepas, 
1987; Prepas & Trimbee, 1988; Carpenter et al., 1996; Anderson et al., 2002; Dolman et 
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al., 2012; Paerl & Paul, 2012). CyanoHABs have also been associated with human 
activities (e.g., such as increased wastewater release, the accumulation of nutrients 
through agricultural and cosmetic yard fertilization, the removal of buffer strips between 
land and water, and increased atmospheric deposition) (Chislock et al., 2013).  
The theoretical foundation of our understanding of cyanobacteria growth is 
Redfield’s Ratio (Redfield et al., 1963; Hecky et al., 1993; Elser et al., 1996) and 
Liebig’s Law of the Minimum (de Baar, 1994). The combination of these two laws 
guides researchers to establish the factors that control growth limitation, as well as the 
resulting consequences of the limitation (e.g., cell quality for grazers and production of 
toxins). The nutrient limitation of cyanobacteria is determined by the elemental 
composition of the cell (Redfield’s Ratio) and the availability of the macronutrient 
relative to the needs of the cell (Liebig’s Law of the Minimum). Advances from 
Redfield’s work have established that cyanobacteria generally have a ratio of carbon to 
nitrogen to phosphorus atomic mole (denoted C:N:P) of 106:(16-10):1 (Redfield et al., 
1963). The limiting nutrient is the element with the most restricted supply relative to the 
needs of the cell.  The limiting nutrient is determined by the following: the rate of supply 
of each element; a complex function of environmental concentrations; the biological 
accessibility to specific forms within the total concentration; the rate of elemental 
acquisition; and the rate of environmental replenishment. To add to this complexity, the 
cellular nutrient ratio is not constant but rather is physiologically adjusted to temporarily 
meet the needs for growth.  
The discussion of cyanobacterial growth based on limiting nutrients developed 
and matured during the 1960-1980s as freshwater eutrophication became problematic in 
many developed countries, and the Laurentian Great Lakes in particular (Schindler & 
Vallentyne, 2008). A general summation of the scientific consensus was that sources of N 
supply are plentiful and meet the needs of cyanobacterial growth. N supply to lakes 
occurs through agricultural fertilizers, cosmetic fertilization of lawns and golf courses, 
alteration of land-water connections and removal of biological barrier strips, and direct 
atmospheric deposition. When N supply is reduced, the cyanobacteria community will 
resort to use N fixation to meet the cell needs. Alternatively, P supply to lakes was due 
primarily to two sources – the glacially paced weathering of rocks and direct human input 
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through wastewater and grey water. With considerable debate, biological understanding 
of the probability of cyanoHAB events was related to the supply of P (Schindler et al., 
2008) and human activities such as wastewater treatment focused on the removal of P 
prior to returning effluent to surface waters.  
Algal physiologists have conclusively demonstrated that several elements are 
required for successful growth and proliferation of freshwater algae, especially N and P; 
therefore, a major contribution to the increase of HABs is cultural eutrophication—a 
widespread, global, water quality problem (O’Neil et al., 2012; Paerl & Paul, 2012; 
Schindler, 2012). Small-scale, short-term, mesocosm experiments have been conducted 
in parallel with large-scale, long-term, whole lake monitoring, investigating the effects of 
nutrient manipulations; results show rapid increasing algal biomass when both P and N 
were added (Findlay & Kasian, 1987; Carpenter et al., 1996). 
For more than a century, it has been postulated that P is the limiting factor for 
algal growth (Moutin et al., 2002), and increasing inputs of P have been consistently 
shown in scientific literature to promote excessive growth of algae (Anderson et al., 
2002). P is not available through atmospheric sources, and thus may be the limiting 
element for phytoplankton abundance in aquatic systems (Mann, 1994). As a major 
constituent in algal cells P is required for cellular and macromolecule structures, as an 
energy carrier, and as an information carrier (Dignum et al., 2005). Algal cells take up 
the soluble form of orthophosphate, which is actively transported through the cell wall 
(Tanaka et al., 2004). P concentrations ranging from 100-1000 µg/L have been shown to 
produce algal blooms dominated by cyanobacteria (Trimbee & Prepas, 1987; Downing et 
al., 2001).  
Factors that determine P uptake efficiency include permeability of the cell 
membrane, the concentration of P inside relative to outside the cell, and the cell’s 
capacity to use different forms of phosphorylated compounds (Mann, 1994). In 
oligotrophic, low P environments (<10µg/L of total P; Wetzel, 2001), some algal species 
can induce different strategies to overcome the P limitation, including high-affinity 
uptake rates, storage, and scavenging strategies (Dignum et al., 2005). Due to their high 
surface to volume ratios, cyanobacteria have significantly higher maximum P uptake 
rates compared to eukaryotic algae at low orthophosphate concentrations (Moutin et al., 
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2002; Singh et al., 2007; Michelou et al., 2011). Cyanobacteria also have a high P storage 
capacity by synthesizing polyphosphate, a polymer of orthophosphate (Simon, 1987).  
N is another important macronutrient required for algal growth; when present in 
low concentrations, it can limit algal growth. Some cyanobacteria are diazotrophic, 
allowing them to fix atmospheric di-nitrogen (N2) and dominate low-N environments, 
with or without the production of heterocysts (Bergman et al., 1997). Several studies 
have shown that N2-fixing cyanobacteria can overcome N deficiency through the 
production and use of the enzyme nitrogenase, leading to a cyanobacteria bloom 
(Schindler, 1977; Barica et al., 1980; Leonardson, 1984; Trimbee & Prepas, 1987). This 
unique ability has also lead researchers to explore the correlation between cyanobacterial 
dominance and molar or mass ratios of total nitrogen:total phosphorus (TN:TP). 
However, despite several studies showing high cyanobacteria related to low TN:TP 
(Smith, 1983; Guildford & Hecky, 2000; Nalewajko & Murphy, 2001), this control on 
cyanobacteria dominance has been highly debated (Downing & McCauley, 1992; 
Downing et al., 2001; Xie et al., 2003; Dolman et al., 2012). 
During these years, the possible regulation of cyanoHABs through the availability 
of micronutrients was rarely discussed (Rueter & Petersen, 1987). Some papers that 
included iron-limitation (Morton & Lee 1974; Murphy et al., 1976) served to keep the 
possibility of iron-limitation in the scientific discussion. After a period of reduced 
frequency of cyanoHAB events in freshwater systems, the noxious or toxic cyanobacteria 
have re-emerged and the question of what is limiting or controlling the growth of this 
photosynthetic group has re-surfaced (Nalewajko & Murphy, 2001, Elser et al., 2007; 
Gillor et al., 2010; Ndong et al., 2010; Wilhelm et al., 2011; Winter et al., 2011). 
 
1.5 Iron requirements, aqueous bioavailability, and acquisition 
strategies 
Scientific debate rooted in inconsistent findings on macronutrient control on 
cyanoHAB formation and cyanotoxin production has led to the search for a possible 
―missing‖ control. The micronutrient iron (Fe) is an important co-factor for P and N 
uptake (Wilhelm et al., 1996; Paerl et al., 2001; Perovich et al., 2009; Wang et al., 2010). 
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Scientific focus on Fe limitation has recently increased due to the high requirement for Fe 
in the enzymes required for N metabolism—nitrate reductase and nitrogenase. 
Cyanobacteria have been shown to have higher Fe requirement than eukaryotic 
phytoplankton to fulfill their need for N2-fixation (Morton & Lee, 1974).  
The bioavailability of Fe in freshwater lakes is dependent on its chemical 
speciation. Factors that affect iron speciation include pH, and organic chelating ligands 
such as dissolved organic carbon (DOC) (Rueter & Petersen, 1987), and reduction-
oxidation (redox) potential (Eh). At pH values greater than 8, ferric (Fe
3+
) ions are 
primarily trapped in an insoluble ferric-hydroxide complex (Pourbaix, 1974; Biederman 
& Schindler, 1975). In freshwater lakes, rapid oxidation of ferrous (Fe
2+
) ions at 
oxic/anoxic boundaries results in the precipitation of Fe
2+
 to particulate Fe
3+
 
oxyhydroxides (Davison & Tipping, 1984). High concentrations of dissolved organic 
matter result in more complexed dissolved Fe, rendering it unavailable for cellular uptake 
(Imai et al., 1999; Nagai et al., 2006). Knowledge of the redox potential in aqueous 
environments is essential when assessing the solubility and chemical forms of free metal 
ions and complexes, and subsequently, the development of cyanoHABs in freshwater 
systems. Ferrous ions are the most readily available form of Fe for cellular uptake and 
use; however, within the aquatic environment, free Fe  forms (Fe
3+
 and Fe
2+
) will quickly 
cycle through the water column and form insoluble complexes (Beverskog & 
Puigdomenech, 1996). 
In surface waters, bioavailable Fe exists in the Fe
3+
 form, which needs to be 
reduced to the Fe
2+
 form at the algal cell surface, prior to assimilation (Kranzler et al., 
2011). Fe-chelating complexes, known as siderophores, are produced by certain species 
of cyanobacteria, such as Anabaena, in conditions of low Fe (>pFe19, a term indicating 
that the concentration of free, biologically-available Fe is at a concentration less than 10
-
18
 M) and low concentrations of available nitrate (NO3) (Kerry et al., 1988).  
There are three main types of siderophores, identified through three common 
functional groups: hydroxamic acids, catecholates, and mixed functional groups such as 
α-hydroxycarboxylic acids (Sandy & Butler, 2009). Hydroxamate siderophores are 
hydrophilic—produced inside the cell and released into the aqueous environment during 
periods of Fe limitation to solubilize complexed Fe, making the Fe-siderophore 
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compound available for cellular uptake (Figure 1.1A, Wilhelm & Trick, 1994). 
Catecholates are hydrophobic—produced by the cell and remaining associated with the 
cell surface, they serve as an integral component in the Fe acquisition strategy through its 
high affinity for Fe
3+
 (Figure 1.1B, Wilhelm & Trick, 1994). These Fe-binding ligands 
are thought to give cyanobacteria a competitive advantage over other algal species that 
are unable to scavenge for Fe when needed for N acquisition in low NO3 conditions. 
However, there has been debate about the possible role of siderophores in an Fe 
acquisition system in natural aquatic environments; Hutchins et al. (1991) argues that the 
rapid rate of diffusion the hydrophilic hydroxamate siderophores encounter when 
excreted into the surrounding cell environment makes it negligible to the cyanobacteria 
biomass that produced it. Only one in situ study is known that has shown the production 
and use of siderophores by cyanobacteria in a freshwater lake at the Bay of Quinte, on the 
northern shore of Lake Ontario (Murphy et al., 1976). More research remains to be 
conducted on natural eutrophic systems that are constantly producing cyanoHABs. 
Other Fe-binding compounds can enter the lake in stream discharge. The complex 
chemicals that make up terrestrial DOC and particulate organic carbon often have 
exposed chemical moieties that can serve as Fe-binding sites, and would have the same 
chemical properties as siderophores. However, these are not siderophores produced in 
direct response to low iron conditions by cyanobacteria; instead, they complex Fe, 
making it less bioavailable for algal cellular uptake (Nagai et al., 2004). In addition, 
siderophores have specific limited and restricted chemical co-ordinations that enhance the 
transfer of Fe to cells (Sandy & Butler, 2009); contrastingly, DOC functions to either 
make metals available or scavenge metals with regards to cell demands and acquisition 
potential (Nagai et al., 2004; Misumi et al., 2013) 
Siderophores are difficult to chemically distinguish and identify from one another, 
and can only be completed through direct analysis of their physical and chemical 
characteristics (Macrellis et al., 2001). Due to the production of siderophores by bacteria 
as well as cyanobacteria in both terrestrial and aquatic ecosystems, there are challenges of 
identifying and distinguishing compounds produced by specific organisms in contrasting 
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Figure 1.1 Conceptual models of the mechanisms of high-affinity iron acquisition 
strategies used by cyanobacteria in the aquatic environment: A) Hydrophilic hydroxamate 
siderophores are released into the aqueous surroundings to solubilize and bind ferric ions, 
forming iron-organic-complexes. The subsequent iron-siderophore complex is then taken 
up by a protein carrier on the cyanobacteria cell and the ferric ions are reduced to ferrous 
ions; and B) Hydrophobic catecholate siderophores (C) accepting iron from water-soluble 
hydroxamate siderophores (adapted from Wilhelm and Trick, 1994). 
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environments. A structural feature that has been found to differentiate marine 
siderophores from terrestrially derived sources is the presence of α- or β-hydroxy acids, 
providing aquatic siderophores with a photolabile characteristic (Barbeau et al., 2002; 
Sandy & Butler, 2009; Gӓrdes et al., 2013). In the presence of visible light, the Fe 
complexes are reduced from Fe
3+
 to Fe
2+
, the biologically usable form of Fe (Gӓrdes et 
al., 2013). Low concentrations of siderophores in natural systems pose another difficulty 
in ligand characterization. Although siderophores are more commonly isolated in 
laboratory cultures, in situ collection and quantification of siderophores are becoming 
more commonly investigated (Macrellis et al., 2001). 
  
1.6 Cyanotoxins 
Cyanobacteria harmful algal blooms (cyanoHABs) contain genera of 
cyanobacteria that produce toxins and noxious compounds (i.e., Microcystis, Anabaena). 
CyanoHABs have been reported for over 70 years (Mason & Wheeler, 1942; Ashworth & 
Mason 1946; Prescott 1948). Given the common frequency of cyanoHABs in Canadian 
waters, Canadian researchers have been prominent in the establishment of the chemistry 
of cyanotoxins and conditions leading to toxin formation (Hughes et al., 1958; 
McLachlan & Gorham 1961, 1962). The first successful isolation and mass culture of 
toxic Microcystis aeruginosa was conducted by Hughes et al. (1958) from a bloom in the 
Little Rideau canal, Ontario, Canada. In Alberta, cyanoHABs and their associated 
production of toxins have been consistently monitored and well researched since the early 
20
th
 century (Kotak & Zurawell, 2007).  
Some toxic and noxious compounds produced include nodularin, microcystin, 
anatoxin, and saxitoxin, produced by genera such as Nodularia, Anabaena, 
Aphanizomenon, and Cylindrospermopsis, respectively (Sinclair & Hall, 2008; Sivonen 
& Börner, 2008; Pearson et al., 2010). Microcystins (MCs) are commonly produced by 
freshwater cyanobacteria (Sivonen & Börner, 2008). MCs are hepatotoxins known to 
cause damage resulting in dysfunctional livers in numerous animals, and a potential 
health risk to human health when high concentrations are ingested (Carmichael, 2001; 
Kotak & Zurawell, 2007). Recently, there has been an increase in research focused on 
exploring relationships of toxin concentration and production with regards to lake TN:TP 
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quotients, where researchers found increased toxin production in lakes with lower TN:TP 
(Kotak & Zurawell, 2007; Orihel et al., 2012). In a lake meta-analysis, highest detections 
of MCs (>10 µg/L) were concentrated within the Western Prairie Provinces, especially 
Alberta, where lakes are typically shallow, warm, and eutrophic, providing ideal 
conditions for rapid growth of cyanobacteria (Prepas, 1983). Researchers also concluded 
that maximum concentrations of MCs were detected in hypereutrophic lakes with mass 
ratios of N:P below 23 (Orihel et al., 2012).  
Despite this research activity, there is a lack of conclusive evidence on pH and 
nutrient controls on cyanoHAB formation. Greater toxicity has been found at both 
extremes of pH (Van der Westhuizen & Eloff, 1985). Decreasing concentrations of N and 
P have shown little effect on toxicity in certain studies (Wanatabe & Oishi, 1985), while 
other studies have found that while reducing P has no effects, limiting N or organic C 
decreased toxicity (Codd & Poon, 1988).  
There are few studies that have focused on the effects of Fe limitation on toxin 
production in cyanobacteria. These studies have reported contradictory results, where 
some suggest Microcystis aeruginosa grown in low Fe concentration have low toxin yield 
(Utkilen & Gjølme, 1995), whereas others suggest higher toxin yield (Lukač & Aegerter, 
1993). Utkilen & Gjølme (1995) proposed that toxin production in Microcystis 
aeruginosa acts as an intracellular Fe-chelator, which serves to inactivate free cellular 
Fe
2+
, allowing for more Fe to be assimilated. Klein et al. (2013) concluded that the MC-
leucine-arginine (MC-LR) form of microcystin provides a cage-like structure for 
chelating ferric ions. However, they suggest that, compared to other characterized 
siderophores, the estimated stability constant for this complex is too low for it to have a 
crucial role in high-affinity Fe acquisition strategies in cyanobacteria (Klein et al., 2013). 
Instead, the moderate binding capacity of ferric ions to MC-LR may create an 
advantageous supply of ferric ions for subsequent release and intracellular transfer to a 
ligand with higher Fe affinity (Klein et al., 2013). Further research, on the role of both 
siderophores and MC-LR, need to be conducted to provide clarification of how 
siderophores and MC-LR may work in concert to alleviate Fe limitation. 
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1.7 Thesis goals, hypotheses, and objectives 
 This thesis focuses on the relationship of iron and the dominance of cyanoHABs 
in eutrophic freshwater lakes of central Alberta. The goal of this thesis is to understand 
how iron requirements and limitations may favor cyanobacteria over other species of 
phytoplankton.  
 A conceptual model of physiologically processes and needs occurring at the 
cellular level is presented in Figure 1.2. This model represents a cyanobacterium cell in a 
low-Fe and low-NO3 environment, with the ability to initiate an iron acquisition system 
through the production of both hydroxamate and catecholate siderophores. Based on this 
model, the following hypotheses were posed: 
1) The first hypothesis tested in this thesis was that certain species of cyanobacteria 
become dominant when there are low iron concentrations in lakes.  
2) The second hypothesis tested was that cyanobacteria biomass is correlated with 
siderophores, as cyanobacteria in lakes with low ferric ion concentrations produce 
or utilize autochthonous siderophores to scavenge iron. 
3) Siderophore concentrations are positively related to microcystin concentrations, 
as this toxin may also act as iron-binding ligands, functioning as siderophores in 
low iron conditions.  
To test the above hypotheses, the following objectives for completed for naturally 
eutrophic lakes in the Beaverhills subwatershed of central Alberta, Canada: 
1) Establish total algal biomass and cyanobacteria biomass during period of peak 
algal bloom in the lakes. 
2) Characterize nutrient regimes of lakes during the peak algal blooms. 
3) Determine the relationship of cyanobacteria biomass as a function of TP, TN, and 
modeled ferric ions. 
4) Investigate mechanisms for the promotion of cyanobacterial biomass through the 
quantification of intracellular and extracellular siderophores in lakes with low 
levels of modeled ferric ions. 
5) Assess the co-occurrence of siderophores with toxins. 
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Figure 1.2 A conceptual model of the physiological processes for nutrient uptake in a 
cyanobacteria cell that is capable of N2-fixation and production of siderophores and 
toxins in low-Fe and low-NO3 environments. In this model, it is assumed that there is 
sufficient phosphate for uptake, but insufficient ammonium and iron. Cyanobacteria cells 
are able to utilize nitrate and atmospheric nitrogen through the production and use of 
nitrate reductase (NiR) and nitrogenase (Nts); both of these enzymes require iron. In a 
low iron environment, some cyanobacteria are able to produce hydroxamate and/or 
catecholate siderophores (SID) to function in an iron acquisition strategy. Toxin 
production of microcystin-leucine-arginine (MC-LR) may also help to scavenge and 
chelate iron inside the cell. 
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1.8 Thesis organization 
 This thesis has been prepared in monograph format. Chapter 1 provides an 
introduction to cyanobacteria harmful algal blooms, their nutrient requirements, nutrient 
acquisition strategies in nutrient limiting environments, and cyanotoxins. Chapter 2 
provides a description of the study lakes and the methods used in both the field and 
laboratory components of this thesis. Chapter 3 presents the major findings of the thesis, 
including the gradient of iron concentrations found in the lakes, and its influence on the 
concentration of cyanobacteria, siderophores and toxins. Chapter 4 places these major 
findings into historical and contemporary scientific literature. Chapter 5 provides 
conclusions and recommendations for future research. 
 A series of appendices have been included. These appendices are not central to 
the main thesis, but provide background information on the development of methods 
used, study lake locations and size, complete nutrient data set for the 2012 field season, 
and nutrient concentrations for outlier lakes. 
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Chapter 2 
2. Materials and methods 
2.1 Study area 
 The Beaverhill subwatershed is located 50 km east of Edmonton, Alberta, with a 
total area of 1970 km2, excluding Beaverhill Lake (Young et al., 2006) (Figure 2.1). 
Located in the Beaverhills/Cooking Lake moraine, most of the area has been designated 
as part of national and provincial protected areas: Beaverhill Lake (declared an 
international RAMSAR site in 1971), Elk Island National Park, Cooking Lake-Blackfoot 
Grazing Provincial Recreation Area, Ministik Bird Sanctuary, and Miquelon Lake 
Provincial Park. The remaining land in the Beaverhill subwatershed is composed of 
agricultural land (i.e., cropland or pastureland) or is being developed for residential and 
industrial purposes. 
The dominant tree species is trembling aspen (Populus tremuloides Michx.) 
(Strong & Legat, 1981). Other native trees includes balsam poplar (Populus balsamifera 
L.), white spruce (Picea glauca Moench), black spruce (Picea mariana Mill.), and white 
birch (Betula papyrifera Marsh) (Young et al., 2006). The underlying bedrock geology is 
composed of sandstone, siltstone, mudstone, shale, and ironstone beds (Howitt, 1988). 
The surface topography is gently to strongly rolling, with black chernozemic, black 
solonetzic, and orthic gray luvisol soils (Howitt, 1988; Mitchell & Prepas, 1990). 
Topographic relief ranges from high (812 m) to low (586 m) in the moraine, as evidence 
of the glacial deposition processes along the North Saskatchewan River. 
The regional climate varies from cold winters to warm summers, based on a 30-
year (1975-2006) climate normal for Tofield weather station located beside Elk Island 
(see Appendix 1.3). Average annual temperature is 3.2 °C, and average growing season 
temperature is 13.5°C. The average yearly precipitation is 491 mm, and average growing 
season precipitation is 345 mm, with most rainfall occurring from April to September. 
During the winter, average snowpack is six cm deep between December and April, with 
the deepest snowpack occurring in February 
[http://www.climate.weatheroffice.gc.ca/climate_normals/index_e.html].  
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Figure 2.1 Map showing location of lakes sampled within the Beaverhills subwatershed, 
Alberta, Canada. 
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The surface landscape is scattered with small ponds, lakes, and wetlands (Hood et 
al., 2007). Surface water collects in many wetlands and small lakes throughout the 
depressional areas of the moraine, which are hydrologically-disconnected from one 
another. The lakes range from mesotrophic to hypereutrophic by nature (Mitchell & 
Prepas, 1990). The study lakes are located in the Elk Island National Park (EINP), the 
Cooking Lake-Blackfoot Provincial Recreation Area, Strathcona Wilderness Center, and 
also privately owned properties around the EINP. The EINP, 194 km2 in area, represents 
one of Canada’s 42 national parks. This mosaic of boreal forest and wetlands supports a 
wealth of biodiversity through its interactions between hydrology, soils, terrain, and 
climate. The EINP is protected from all forest management activities and urban 
development and is an important large ungulate conservation area and beaver re-
population monitoring site (Hood & Bayley, 2008).  
 
2.2 Field methods 
2.2.1 Sampling sites 
 In 2009, a survey of 226 lakes was conducted, encompassing the broad landscape 
of the Beaverhills subwatershed (Creed, Unpub. Data). Lakes samples were separated 
into categories of natural, constructed, agriculture, and wet pond. A subset of the 109 
natural lakes was chosen to cover a gradient of iron concentrations and lake nutrient 
regimes.  
In 2011, 25 lakes were sampled for a preliminary field season to test out adapted 
siderophore sampling protocols. These study lakes were selected with no known history 
of disturbances. Lakes ranged in size from 3000-100,000 m
2
, and < 2 m depth. The 
sampled lakes were not targeted for peak algal bloom, resulting in few lakes with 
cyanobacterial algal blooms; therefore, five lakes with annual reports of algal blooms 
were added to the list of sampled lakes. 
In the second field season (June 26 – September 2, 2012), a total of 30 lakes were 
sampled, 28 of those lakes were sampled three times (once each in June, July, and 
August, during peak algal bloom) (Figure 2.1). These lakes included the 25 small lakes 
from 2011 plus five lakes that were selected based on previous knowledge of bloom 
20 
 
 
 
formation. These new lakes were characteristically larger, ranging in size from 
1,000,000-36,000,000 m
2
 and > 2 m deep. These larger lakes had many residential areas 
developed around their perimeters. Two lakes (W177, W125) were drained in July and 
therefore removed from the study. Two not previously sampled lakes with visible algal 
blooms (W23, Antler Lake) were selected to replace the drained lakes and were only 
sampled once during peak bloom.  
Cooking Lake and Oster Lake were not included in statistical analysis due to the 
extreme differences, both physically and chemically, from all other lakes sampled. These 
two lakes were also statistically significant outliers, as recognized using median absolute 
deviation outlier test for non-parametric data (critical value = 5; refer to Appendix 2). 
 
2.2.2 Lake observations, measurements, and sample collection  
 At each sampling site, observations of ambient conditions and measurements 
were recorded during each sampling event (June 26 – September 2). Visual observations 
about the existence and intensity of algal blooms were recorded. At a depth of one meter, 
pH, water temperature (C), specific conductivity (S/cm), and dissolved O2 (mg/L) were 
measured using a multi-parameter water sonde (YSI 6600V2, Yellow Springs 
Instruments, Yellow Springs, Ohio).  
 For microbial composition and nutrient concentrations, one meter depth surface 
water samples were collected using an integrated vertical column tube at the center of 
small, shallow lakes, and 100 meters from shore of large, deep lakes. Samples were 
collected during peak algal bloom in 2011 (August) and from post snowmelt to peak algal 
bloom in 2012 (June to August). Samples were stored in 500 mL pre-rinsed polyethylene 
bottles in the dark, on ice, until samples could be processed for analysis in the laboratory.  
 For siderophore concentrations, water collection and filtration methods were 
adapted from marine sampling strategies (Macrellis et al., 2001). Lakes were sampled for 
siderophores during peak algal biomass in 2011 and 2012. At each location surface lake 
water (<1 m depth) was manually collected in four clean, pre-rinsed carboys, beside the 
algal bloom when present, and from the center of the lake when no algal bloom was 
present. Water filtration occurred on the lakeshore using a submersible water pump 
filtration apparatus, powered by a portable gas generator and two large, pre-rinsed 
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garbage bins. A serial filtration process was used, composed of three filter canisters 
(Rainfresh Whole House Water Filter, Canadian Tire), with three different sized filter 
cartridges (60 m, 30 m, and 1 m). Final filtered water was collected in two 20 L 
collapsible carboys (Polar Bear Health and Water, Edmonton, Alberta) and transported 
back to the lab for column chromatography to isolate siderophores in the final filtered 
water.  
 
2.3 Laboratory methods 
2.3.1 Nutrient analyses 
In 2011, all nutrient and chemical analysis was conducted at the Biogeochemical 
Analytical Service Laboratory (BASL) located at the University of Alberta, Canada. 
Nitrate (NO3
-), nitrite (NO2
-), ammonium (NH4
+), soluble reactive phosphate (SRP), and 
silica nutrient concentrations were determined using the Lachat QuikChem 8500 Flow 
Injection analysis automated ion analyzer. Dissolved organic carbon (DOC) 
concentrations were determined using a total organic carbon analyzer (Shimadzu 5000A 
TOC analyzer). Lastly, ion chromatography (Dionex DX600) was used to determine 
concentration of inorganic molecules; methods are outlined in Lachat Applications in 
Standard Methods 21st Edition (2008). 
In 2012, nutrient analyses were conducted by several different laboratories for the 
purpose of cost efficiency. For alkalinity, a 50 mL sub-sample of unfiltered lake water 
was sent to BASL for analysis of alkalinity using an autotitrator (Man-Tech PC-Titrate 
with conductivity probe; Mantech Inc. NY). For phosphorus, a 100 mL sub-sample of 
unfiltered lake water was preserved with 10% H2SO4 (v/v) in polypropylene conical 
centrifuge tubes and frozen in a -20 °C freezer for total phosphorus (TP) analysis. A 
separate 100 mL sub-sample of water, filtered with a mechanical pump through 47 cm 
Whatman glass fiber filters (GF/C), was also frozen in centrifuge tubes, for soluble 
reactive phosphorus (SRP). Both sub-samples were shipped to the Great Lakes Forestry 
Centre at the Canadian Forest Service, in Sault Ste. Marie, Canada for total phosphorus 
and soluble reactive phosphorus concentrations. TP and SRP samples were analyzed at 
CFS using a segmented flow Auto-analyzer manifold and colorimeter (method detection 
limit = 0.5 µg/L). For the remaining nutrients, raw lake water was filtered using a pump 
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through 47 cm Whatman glass fiber filters (GF/C) (120 mL in a polyethylene 
terephthalate (PET) bottle for inorganic and organic ions; 25 mL in a polypropylene 
specimen jar for metals) kept chilled at 4°C, and shipped to Dorset Environmental 
Science Centre (DESC), Ontario, for chemical analysis. NH4
+, NO3
-, and NO2
-, were 
analyzed using a segmented continuous flow analyzer system (Auto-analyzer AAII and 
colorimeter; Technicon Inc. US); Total Kjeldahl Nitrogen (TKN) was analyzed using the 
Auto-Analyzer manifold and colorimeter (Technicon 2). DOC concentrations were 
determined using an Auto-Analyzer Core System (pump, manifold and colorimeter; 
Technicon Inc., US). Determination of cations was performed using AAS (Fast 
Sequential Varian 240 FS, Agilent Technologies Inc., US). Lastly, chloride and sulphate 
concentrations were determined using the Ion chromatograph (Dionex ICS-1600; Thermo 
Fisher Scientific, US). 
 
2.3.2 Modeled free ferric ions and measured labile iron 
Ferric ion concentrations are challenging to measure; for this reason, ferric ion 
(Fe3+) concentrations were modeled using chemical equilibrium speciation modeling 
software, Visual MINTEQ (v.3.0), based on USEPA’s MINTEQA2. Parameters included 
in the model were: pH, alkalinity, dissolved oxygen, NH4
+, NO2
-/NO3
-, TP, Fe, DOC, Ca+, 
K+, Mg+, Na2+, Al3+, and a ratio of 36% fulvic substance to 64% humic substance (Curtis 
& Adams, 1995; refer to Appendix 3).  
 Empirical support for the modeled ferric ion concentrations was provided by 
deployment of diffusive gradients thin (DGT) films, a technique used to quantitatively 
measure in situ labile species in both marine and freshwater systems (Davison & Zhang, 
1994). DGT devices were developed to provide a simple and precise way to accumulate 
dissolved substance in a controlled manner in situ. Within the DGT, a resin gel layer, a 
diffusive gel layer, and a filter are arranged in a plastic encasing to ensure that the 
transport of metal ions into the resin is exclusively due to molecular diffusion (Zhang & 
Davison, 1995). DGT allows the measurement of labile Fe species (including Fe3+) 
accumulated in the resin gel layer based on the deployment time and rate of diffusion at 
different temperatures.  
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DGT films were deployed in 2012 for seven days (certain samples were deployed 
for longer due to storm-flooded roads, preventing lake access and sample retrieval) 
within one-meter depth, at the center of the lake for small shallow lakes, and within 10 m 
from shore in large, deep lakes. Samples were then washed with MQW and stored in 
individual bags to prevent the resin from drying out, until they could be analyzed. 
Samples were brought back to Western University, DGT units were opened and 
resin gel layers were extracted in 1.0 mL of 1M HNO3 for 48 hours. Samples were then 
diluted five times with MQW prior to analysis by inductively coupled plasma mass 
spectrometry (ICP-MS 7500cx; Agilent Technologies, Inc., Santa Clara, CA). 
Concentrations of Fe3+ were then used in calculations provided by the manufacturer 
(DGT Research Ltd, Lancaster, UK) to determine total measured labile Fe concentrations. 
 
2.3.3 Microbial composition and algal biomass  
 Taxonomic identification was conducted using a compound microscope; a small 
amount of sample was plated on a hemocytometer for species identification. In 2011 and 
2012, two 200 mL sub-samples of lake water were filtered through two 47 cm Whatman 
glass fiber filters (GF/C), frozen at -20 °C, and stored in the dark, until transported back 
to the laboratory for pigment analysis of chl-a, phycobiliproteins (PC and PE), and 
microcystin (MC) concentrations. One of the two filters collected was used for two types 
of analysis: chl-a pigment and phycobiliproteins. The other filter was used for MC 
analysis.  
 
2.3.3.1 Chl-a and phycobiliproteins 
 One filter was divided and cut up; portions were weighted on a balance (Sartorius 
TE1502S) and recorded to ensure appropriate volumes of water sample represented by 
the algal biomass could be mathematically determined and used for final pigment 
concentration calculations. Each filter section was stored in 1.8 mL cryovials (Nalgene) 
at -20 °C in the dark until analysis.  
 Chl-a standards were prepared using spinach leaves, extracted in 90% acetone, for 
2 hours in 4 C in the dark. Stock solution concentrations were determined using a 
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spectrophotometer (Jeffrey & Humphrey, 1975). A serial dilution was made from this 
stock solution using 90% acetone, and samples were measured on the Turner 10-AU 
fluorometer. 
Chl-a pigment analysis was conducted on half of the filter; 1 mL of 90% acetone 
was added to samples and subsequently freeze-thawed (3-times) and sonicated (60 
seconds: six 5 second pulses at 10 magnitude) to lyse the cells. Filter and cell slurries 
were then submersed in 7 mL of 90% acetone solution (v/v) overnight (24 hours) to 
extract chl-a, a non-water soluble pigment (Strickland & Parsons, 1972; Jeffrey & 
Humphrey, 1975). Extracted samples were purified from ground-up GF/C filters and cell 
debris through a 25 mm Whatman glass microfiber filter (GF/C grade) and analyzed in a 
borosilicate tubes using the Turner 10-AU Fluorometer (Turner Designs, Sunnyvale, CA) 
according to EPA Method 445.0 (Arar & Collins, 1997).  
 Phycobiliproteins (PC and PE) were measured from one quarter of the whole 
filter. Pigment extract methodology was adapted from Lawrenz et al. (2011) (refer to 
Appendix 4). To lyse the cells and extract pigments for absorbance scans, 1 mL of 
phosphate butter (10 mM) at pH 6 was added to samples, which were then freeze-thawed 
(3x) and sonicated (60 sec: six 5 second pulses at 10× magnitude), then submersed in a 
total of 5 mL of phosphate buffer and incubated in the dark, for 24 hours, similar to chl-a 
extraction methods. Extracted samples were filtered through 25 mm, 0.45 µm Acrodisc 
Supor Membrane filter (Pall Life Sciences) syringe filter to clear extracted solution of 
filter pieces and cell debris. Absorbance readings were performed using the Beckman-
Coulter DU60 Spectrophotometer in a 1 mL glass cuvette with a 1 cm path length: 620 
nm for PC, 545 nm for PE.  
 The equations used to calculate phycobiliproteins concentrations were (Lawrenz 
et al., 2011): 
[Phycocyanin] µg/L =
             
     
×
                 
       
10    Eq. 1 
 
[Phycoerythrin] µg/L =
             
     
×
                 
       
10   Eq. 2 
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where, MW = molecular weight (PC = 264,000 g/mol, PE = 240,000 g/mol); ɛ = Molar 
extinction coefficient (PC = 1.9x106 L·mol-1·cm-1, PE = 2.41x106 L·mol-1·cm-1); d = 
Cuvette path length (1 cm); and V = Volume (mL) 
 
2.3.4 Siderophore isolation 
 The method for siderophore isolation was adapted from Macrellis et al. (2001). 
Amberlite XAD-16 resin has been the preferred chelating resin of choice and standard 
practice for isolation and characterization of laboratory culture siderophore production. 
XAD-16 resin was cleaned and activated using pure methanol (MeOH) and then 
thoroughly rinsed of all MeOH using Milli-Q water. Activated resin was then stored in 
Milli-Q water in 250 mL polycarbonate bottles (Nalgene), in the dark, at 4 C until 
column chromatography was needed for siderophore isolation.  
The column apparatus (4.5 cm in diameter × 24 cm plexiglass column) was 
packed with 200 mL of wet, activated XAD-16 resin, and closed off at the bottom with 
glass wool and cheesecloth, to the allow the passing of liquid, but not resin beads. All 40 
L of raw lake water was passed through the column at rates no faster than 1.2 L-min to 
allow for maximum adsorption of siderophores to resin beads. Final filtered water 
volumes were recorded. XAD-16 resin was then rinsed thoroughly with 1 L of Milli-Q 
water, and subsequently stored in 500 mL clear polycarbonate bottles with 100% pure 
MeOH in a freezer in the dark in -20 C.  
Siderophores were eluded from resin samples with 500 mL of 100% MeOH in the 
column apparatus aforementioned. Each lake siderophore sample was concentrated in the 
rotary evaporator, ensuring that water bath temperatures did not exceed 60C. Samples 
were evaporated down to a minimum of 20 mL; samples concentrated below this were 
brought back up to 20 mL with 100% MeOH. Concentrated samples were stored in 50 
mL polypropylene conical centrifuge tubes, at 4 C, until ready for further siderophore 
characterization.  
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2.3.4.1 Thin layer chromatography  
 Samples were screened for the presence of siderophores using thin layer 
chromatography (TLC). TLC was conducted on silica-coated plastic sheets (Whatman PE 
SIL G) (Macrellis et al., 2001; Hayden & Volmer, 2005). The sheets were coated with a 
layer of MeOH and air dried for 30 minutes. Next, 1 L of each concentrated methanol 
sample was plated with a pipette at the base of the TLC sheet and allowed to air dry and 
then the sample sheets were developed in the mobile phase solvent 
isopropanol:butanol:water (1:1:1, v/v/v) until the solvent front did not travel any further, 
then sheets were allowed to air dry. Lastly, TLC sheets were sprayed with 2% FeCl3 in 
ethanol to produce a color change in samples with iron-binding ligands, indicating the 
presence of siderophores. 
 
2.3.4.2 Czaky test 
 Hydroxamate-type siderophore concentrations were quantified using the modified 
Czaky test (Gillam et al., 1981). Hydroxylamine hydrochloride was used to prepare a 10 
mgL-1 hydroxamate standard, which was then diluted at several concentrations with 
MQW. To hydrolyze samples, 2 mL of 3M H2SO4 was added to 2 mL of both samples 
and standards in glass screw-top tubes. 
Mixtures were autoclaved in a pressure cooker, in the fume hood, at 
approximately 100 C, 15 psi, for six hours. After the sample was allowed to cool at 
room temperature, samples were transferred into 50 mL volumetric flasks and the 
following solutions were added in order, mixed well after each addition, and allowed to 
react for five minutes after each addition: 7 mL of 2M sodium acetate solution 
(NaC2H3O2), 2 mL of sulphanilamide solution (C6H8N2O2S, 1% w/v in 30% v/v acetic 
acid), 2 mL of iodine solution (I, 0.65% w/v in 1% KI w/v). Excess iodine was removed 
by adding 4 mL of 0.05M solution of sodium arsenite. Lastly, 2 mL of N-(1-
Naphthyl)ethylenediamine solution (C12H14N22HCL, 0.05% w/v in MQW) is added, and 
the reaction mixture was allowed to sit for 30 minutes in the dark, to allowed for 
complete color development (pink). After this, samples were diluted to 50 mL with 
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MQW and samples were measured for absorbance on the spectrophotometer in a 100 mm 
path length cuvette cell at a wavelength of 543 nm. 
 Due to the heavy coloration of samples from complexed organic matter, a sample 
color correction was made (refer to Appendix 5). All the same steps above were 
employed for this reaction mixture, except the hydrolysis of samples by autoclaving at 
100C for six hours. Absorbance readings at 543 nm were then subtracted from original 
sample readings to produce a true reading of the hydroxamic acid colorimetric test. 
 
2.3.4.3 Arnow test 
 The Arnow test (Arnow, 1937) was used to quantitatively determine the 
concentration of phenolate-type siderophores (catecholates). The 10 mgL-1 phenolate 
standard was prepared with 2,3-dihydroxybenzoic acid (DHBA) and diluted at several 
concentrations into MQW. To each 5 mL of sample and standard, the following solutions 
were added in order, mixed well after each addition: 5 mL of 0.5 N hydrochloric acid 
(HCl), 5 mL of nitrite molybdate reagent (10 g each of NaNO2 and Na2MoO4 dissolved in 
100 mL of MQW), and 5 mL of 1 N sodium hydroxide (NaOH). Allow reaction mixture 
to sit for 30 minutes to allow for complete color development (red). Finally, sample 
solutions were diluted to 25 mL and measured for absorbance on the spectrophotometer 
in a 100 mm path length cuvette cell at a wavelength of 500 nm. 
 Due to the heavy coloration of samples from complexed organic matter, a sample 
color correction was made once again (refer to Appendix 5). All the steps mentioned 
above were completed, with the exception of substituting nitrite molybdate reagent with 
MQW. Absorbance readings of the color correction were subtracted from the original 
absorbance to produce the final concentration of phenolate compounds in the lake 
sample. 
 
2.3.5 Toxin analysis 
2.3.5.1 Intracellular toxins 
 A whole filter was used to measure the concentration of total intracellular 
microcystin through an Enzyme Linked Immunosorbent Assay (ELISA). Extraction 
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methods were similar to pigment samples, with the substitution of a 75% methanol 
solvent for optimal extraction and minimal microcystin concentration loss to plastic 
polymers (Fastner et al., 1998). Filter samples were freeze-thawed (3×) and sonicated (60 
seconds: six 5 second pulses at 10 magnitude) in 1 mL of 75% MeOH, then submerged in 
a total of 5 mL of solvent, and allowed to extract for 2 hours, in 4C, in the dark. To 
concentrate the sample for microplating, 1 mL of each sample was evaporated down to a 
dried pellet in a microcentrifuge tube, using a Savant Speed-Vac Concentrator at medium 
heat. Pellets were stored at -20 C until analysis with the ELISA. 
 
2.3.5.2. Extracellular toxins 
 Mackenzie et al. (2004) first proposed that the use of Solid Phase Adsorption 
Toxin Tracking (SPATT) bags as a passive sampling method, coupled with sensitive 
analytical technologies such as ELISA, would provide a simple means for determination 
of dissolved biotoxin levels in seawater. Since then, SPATT bags have been integrated 
into more field research and have shown to be promising in detecting low level, or 
transient toxin events in the natural field environment (Lane et al., 2010; Mackenzie, 
2010; Kudela, 2011). DIAION HP-20 polymeric adsorption resin was previously found 
to be optimal for toxin adsorption (Mackenzie, 2010; Miller et al., 2010) and used in this 
study. 
 To activate, the resin was soaked in 100% MeOH for 48 hours, rinsed thoroughly 
with Milli-Q water, and then stored in Milli-Q water at 4 C. SPATT bags were 
constructed from 100 μm Nitex bolting cloth (Wildlife Supply Company), with 16 mL of 
activated wet resin, closed off with wooden embroidery hoops. After a seven day 
exposure period in sample lakes, SPATT bags were washed thoroughly with Milli-Q 
water taken apart, and the resin was stored in 15 mL polypropylene conical centrifuge 
tubes at 4C until ready for analysis. 
 To elude toxins from the resin, samples were dried using a Nitex bolting cloth and 
then submerged in 10 mL of 75% MeOH and placed on a shaker table at low speed for 
two hours followed by a vortex mixer at high speed for two minutes. Samples were eluted 
from resin beads through a 25 mm Whatman glass microfiber filter (GF/C); 1 mL of each 
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sample was concentrated down to a dry pellet in a microcentrifuge tube, using a Savant 
svc100 Speed-Vac (Thermo Fischer Scientific, US) concentrator at medium heat. Pellets 
were stored at -20C until analysis with the ELISA. 
 
2.3.5.3 Microcystin quantification using ELISA 
 The Microcystins-ADDA ELISA (Microtiter Plate) kit (Enzo Life Sciences) 
performs a congener-independent detection of MCs. Although this kit does not 
differentiate the many variants of MC, the calibration standards used are for MC-LR, 
therefore, the final concentrations are reported as MC-LR equivalents. Dried toxin 
pellets, both intra- and extracellular, were reconstituted in 200 L of 5% MeOH. Some 
samples were diluted between 2 - 4,800 times, to ensure that concentration readings were 
within the sensitivity range of 0.1 - 5.0 gL-1. Samples were plated and analyzed 
following the protocol published in the product manual (Enzo Life Sciences, 
Farmingdale, NY).   
 
2.4 Statistical analysis 
 Of the 30 lakes that formed this study, two lakes were excluded from all statistical 
analyses; Cooking Lake and Oster Lake were determined to be outliers, through the 
results of the median absolute deviation non-parametric outlier test, with a critical value 
of 5, indicating an outlier point (refer to Appendix 2). A t-test with critical =0.05 was 
used to investigate significant differences in lakes containing catecholate siderophores 
with a pH value above and below 8. Spearman and Pearson correlations were conducted 
on non-parametric data and parametric data, respectively. Logarithmic regressions were 
used to investigate the relationship between cyanobacteria biomass and concentration of 
hydroxamate siderophores present in the lake. Exponential regressions were used to 
investigate the relationship between iron, concentration of hydroxamate siderophores, 
and concentrations of intracellular and extracellular MC. All statistical measures were 
completed in SigmaPlot (v.12.0). 
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Chapter 3 
3. Results 
3.1 Total algal and cyanobacterial biomass 
Total algal biomass increased from a range of 0.31 – 27.71 µg chl-a/L (median = 
3.16 µg chl-a/L) at the start of algal growing season to a range of 3.15 – 544.17 µg chl-
a/L (median = 16.77 µg chl-a/L) at the peak of the algal bloom. Seven of the 30 lakes had 
a peak algal biomass greater than 40 µg chl-a/L (W18, W19, W38, W23, Antler, Astotin, 
and Islet), indicating a moderate (40 µg chl-a/L) to severe (60 µg chl-a/L) peak algal 
bloom. There was a significant correlation between chl-a and PC (Figure 3.1; r
2
=0.59, 
p<0.0001). Cyanobacteria, which were a major constituent of this algal biomass 
throughout the algal growing season, increased from a range of 2.38 to 85.56 µg PC/L 
(median = 30.11 µg PC/L) at the start of the algal growing season to a range of 0.00 to 
718.48 µg PC/L (median = 32.24 µg PC/L) at the peak of the algal bloom. Three of the 
lakes with severe peak algal blooms (Antler, Astotin, and Islet) had cyanobacteria greater 
than 100 µg PC/L, indicating a cyanobacteria bloom (Figure 3.2). Algal genera that were 
observed in all lakes were green algae (Euglena sp.) and cyanobacteria (Microcystis sp., 
Anabaena sp.), whereas Synura sp., Scenedesmus sp., Pediastrum sp., and diatoms were 
observed in some lakes (W38, W54, W106, W146, W149, Antler, Astotin, and Cooking). 
 
3.2 Lake chemistry 
 Median, interquartile range (IQR), minimum and maximum of macronutrients 
(TP, TN), pH, and DOC concentrations for lake waters sampled at the beginning, middle, 
and peak of the algal bloom (June to August) are presented in Table 3.1 (see Appendix 1 
for individual lake sample data). Lake data from the 30 lakes were screened for outliers. 
Based on the median absolute deviation outlier test, Cooking Lake and Oster Lake were 
statistically significant outliers compared to the other lakes as recognized using median 
absolute deviation outlier test for non-parametric data (critical value = 5). The outlier 
status was driven by exceptionally high DOC (146 mg/L) and unrealistically low  
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Figure 3.1 Relationship between chlorophyll-a and cyanobacteria abundance (r
2
=0.59, 
p<0.0001). Data were log transformed to pass regression assumptions of normality and 
constant variance.  
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Figure 3.2 Scatterplots of (A) TP and (B) TN vs. algal biomass at beginning (open) and 
end (solid) of the growing season. Lakes with chlorophyll-a >40g/L indicates an algal 
bloom condition, and lakes with phycocyanin >100 g/L (double circles) indicates a 
bloom dominated by cyanobacteria. 
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Table 3.1 Total phosphorus (TP), total nitrogen (TN), pH, and dissolved organic carbon (DOC) concentrations for lakes sampled in 
early (June), middle (July), and late (August) growing season. August represents the period during when peak algal biomass occurred. 
 
Growing Season Early (June) Middle (July) Late (August) 
  Median IQR Range Median IQR Range Median IQR Range 
  TP (mg/L) 0.08 0.14 0.022-1.004 0.11 0.19 0.05-0.656 0.14 0.28 0.028-0.663 
TN (mg/L) 1.99 0.76 1.19-3.26 2.23 0.72 1.19-4.25 1.99 0.82 0.267-3.38 
pH 8.19 1.065 7.3-9.67 8.30 1.31 7.3-10.08 7.73 0.88 7.11-9.71 
DOC (mg/L) 37.20 13.60 17.1-52.2 38.00 11.60 19.6-59.6 34.20 10.20 15.7-48.8 
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modeled Fe
3+
 (-log [modeled Fe
3+
 (M)] (pFe) = 35.50), representing less than one atom of 
Fe available (see Appendix 1). Because they were statistical outliers, they were excluded 
from further analysis (see Appendix 2 for all data available for these two outlier lakes).  
The correlations between macronutrients during the late growing season (August) 
vs. total algal biomass (estimated by chl-a) were significant but weak, for TP (Spearman r 
= 0.40, p=0.034) and for TN (Spearman r = 0.56, p=0.002) (Table 3.2). There was no 
significant relationship observed between micronutrient (total dissolved Fe) and total 
algal biomass (estimated by chl-a) (Table 3.2; Spearman r = -0.33, p=0.089); therefore, 
further analysis was conducted with respect to bioavailable Fe instead of total dissolved 
Fe, to represent the pool of micronutrients available for cellular uptake. 
  
3.3 Lake iron concentrations 
A summary of total dissolved Fe, measured labile Fe and modeled Fe
3+
 is 
presented in Table 3.3, showing a wide range of Fe concentrations in the lakes sampled. 
Total dissolved Fe ranged up to 2000 µg/L. Measured Fe ranged from 1.65  10-13 – 5.89 
 10-11 (M). The pFe is the modeled ferric ion (Fe3+) (pFe = -log [modeled Fe3+] 
(dimensionless)). The pFe was based on model parameters presented in Table 3.4. No 
data were available for the ratio of humic to fulvic substances, one important model 
parameter. A sensitivity analysis of pFe to a broad range of this ratio was conducted 
showing there was no significant difference when the ratio of humic to fulvic substances 
was changed (see Appendix 3 for ratio of humic to fulvic substance sensitivity tests). For 
this reason, pFe was modeled using a ratio of 36% fulvic to 64% humic substances, based 
on previous literature reported on Alberta freshwater lakes. The pFe ranged from 14 to 36 
(Table 3.3). There was a significant correlation between measured labile Fe and modeled 
Fe
3+
 concentrations (Spearman r = 0.79, p<0.001) (Figure 3.3). Three DGT devices in 
lakes W18, W90, and W116 were lost during the seven-day incubation period and 
therefore not included in this statistical analysis, and so these statistical analyses are 
based on 27 lakes. Modeled Fe
3+ 
was used in the remaining statistical analysis to 
represent the actual pool of bioavailable free Fe
3+
 that algal cells can access, providing a 
better estimation of Fe bioavailability.
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Table 3.2 Correlation between total phosphorus (TP), total nitrogen (TN), and total 
dissolved iron (TDFe) during the early (June), middle (July), and late (August) growing 
season vs. peak algal biomass (estimated using chlorophyll-a). 
 
Relationship  Spearman r p value 
Early (June) TP vs. Chl-a -0.08 0.681 
Early (June) TN vs. Chl-a 0.45 0.023 
Middle (July) TP vs. Chl-a 0.18 0.386 
Middle (July) TN vs. Chl-a 0.43 0.028 
Late (August) TP vs. Chl-a 0.40 0.034 
Late (August) TN vs. Chl-a 0.56 0.002 
TDFe (June) vs. Chl-a -0.27 0.179 
TDFe (July) vs. Chl-a -0.21 0.312 
TDFe (August) vs. Chl-a -0.33 0.089 
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Table 3.3 Total dissolved iron (TDFe), measured labile Fe, and modeled ferric (Fe
3+
) 
iron for lakes sampled in late (August) growing season. 
 
  Median IQR Range 
TDFe (μg/L) 190.00 585 0 - 2000 
Modeled Fe
3+
 (- log M) 18.84 5.44 14.88 - 35.33 
Measured Labile Fe (M) 1.64×10-12 1.40×10-11 1.65×10-13 - 5.89×10-11 
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Table 3.4 Parameters (median, minimum, and maximum) of lake water chemistry used to model ferric (Fe
3+
) iron
 
with Visual 
MINTEQ v.3.0.  
 
Input parameter Units Median Minimum Maximum 
Aluminum (Al
3+
) µg/L 3.10 0.90 83.80 
Alkalinity mg/L as CaCO3 183.65 45.17 764.12 
Calcium (Ca
2+
) mg/L 40.65 12.90 97.60 
Chloride (Cl
-
) mg/L 2.10 0.54 75.70 
Dissolved organic carbon (DOC) (Humic:Fulvic ratio = 64%:36%
1
) mg/L 34.80 15.70 146.00 
Dissolved oxygen (O2)
 2
 mg/L 7.19 2.93 15.51 
Iron (Fe
3+
) µg/L 190.00 0.00 2000.00 
Potassium (K
+
) mg/L 83.03 9.69 3.67 
Magnesium (Mg
2+
) mg/L 78.36 17.45 4.94 
Ammonium (N-NH4
+
) µg/L 210.00 23.00 4.00 
Nitrate (N-NO3
-
) µg/L 16.00 2.00 2.00 
Sodium (Na
+
) mg/L 10.50 1.16 715.00 
Sulphate (SO4
+
) mg/L 3.03 0.05 1050.00 
Phosphorus (P-PO4
3-
) mg/L 0.15 0.03 0.66 
pH  -- 7.76 7.11 9.71 
Temperature  25 °C -- -- -- 
                                                 
1
 Curtis & Adams, 1995 
2
 See Appendix 7 
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Figure 3.3 Correlation between measured labile Fe and modeled ferric (Fe
3+
) ions in 
lakes sampled during the peak of the algal bloom. Modeled Fe
3+
 was significantly 
correlated with measured labile Fe, where Fe
3+
 increased as lakes contained more labile 
Fe (Spearman r = 0.79, p<0.001). 
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There was no relationship between total dissolved Fe (or modeled Fe
3+
) and total 
algal biomass (estimated by chl-a) (Table 3.2). There was, however, a significant 
relationship between modeled Fe
3+
 and cyanobacteria biomass; lakes with relatively low 
levels of modeled Fe
3+
 contained the highest concentrations of PC (Spearman r = 0.73, 
p=0.004) (Figure 3.4).  
 
3.4 Siderophores 
 Thin layer chromatography (TLC) using concentrated MeOH siderophore samples 
on silica gel plates (see Appendix 6) indicated that Fe binding ligands were present in the 
majority of lakes (23 of the 28 lakes; W18, W19, W20, W25, and W75 lake samples did 
not indicate there were iron-binding ligands present on the TLC plate). Some lakes had 
one Fe binding ligand (indicated by an average relative mobility factor of 0.90 for the 
concentrated MeOH siderophore samples). Whereas, other lakes had two Fe-binding 
ligands (indicated by an average relative mobility factor of 0.66 and 0.89 for the 
concentrated MeOH siderophore samples).  
Czaky tests showed that hydroxamate siderophores were present in 18 lakes. 
Arnow tests showed that catecholate siderophore were present in all 28 lakes (see 
Appendix 5 for siderophore quantification protocol development). Catecholates were 
present in concentrations (median = 5.03 mg/L; range = 2.60 – 12.30 mg/L) that were one 
order of magnitude higher than hydroxamates (median = 0.23 mg/L; range = 0 – 1.45 
mg/L) (Figure 3.5).  
 
3.4.1 Fe
3+
 vs. catecholate siderophores 
Lakes with lower concentrations of modeled Fe
3+
 had significantly lower 
concentrations of catecholate siderophores (Spearman r = -0.85, p<0.0001) (Figure 3.5). 
Other parameters that affect modeled Fe
3+
 were analyzed for trends were pH and DOC. 
Results showed that pH was an important control on both modeled Fe
3+
 and catecholate 
siderophores. Lake with high pH (>8) had relatively low levels of modeled Fe
3+
, 
corresponding with low concentrations of catecholates. As pH declined, there was an 
increase in modeled Fe
3+
 (Spearman r = 0.81, p<0.0001) (Figure 3.6) and an increase 
40 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Scatterplot of modeled ferric (Fe
3+
) ion concentrations vs. concentrations of 
cyanobacteria in the lakes. There was a significant correlation of higher phycocyanin 
concentrations as modeled Fe
3+
 decreased above a previously reported threshold of 
hydroxamate siderophore production (Kerry et al., 1988) (Spearman r = 0.73, p=0.004). 
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Figure 3.5 Scatterplot of modeled ferric (Fe
3+
) ion concentrations vs. concentrations of 
catecholate (Spearman r = -0.85, p<0.0001) or hydroxamate siderophores in lakes.  
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Figure 3.6 Correlation between pH and (A) modeled ferric (Fe
3+
) ion concentrations 
(Spearman r = 0.81, p<0.0001) or (B) measured labile Fe in the lakes (r
2
=0.43, p<0.001).  
.  
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in the concentration of catecholates (Spearman r = -0.84, p<0.0001) (Figure 3.7).  
DOC affects Fe speciation and cycling due to its possible Fe-chelating properties; 
however, modeled Fe
3+
 was not significantly related to concentration of DOC (Figure 
3.8). The relationship to DOC to catecholates showed two different groups: the average 
of DOC in lakes with a pH < 8 (closed data points) was significantly different than the 
average of DOC in lakes with a pH > 8 (open data points) (t=-3.90, p<0.001) (Figure 
3.9). For lakes with pH < 8, there was a significant positive trend of catecholates as a 
function of DOC (r
2
=0.65, p<0.001) (Figure 3.9). For lakes with pH > 8, there was a 
negative relationship of catecholates as a function of DOC, however, it was not 
statistically significant (r
2
=0.14, p=0.285; Figure 3.9). 
A multiple linear regression was performed for catecholates as a function of pH 
and concentration of DOC and the quality of DOC indicated by the C:N quotient. 
Concentration of DOC and pH were auto-correlated (Pearson r = 0.45, p=0.0156) and 
therefore DOC was excluded from the multiple linear regressions. pH and the C:N 
quotient were not auto-correlated (Pearson r = -0.35, p=0.069). A significant relationship 
was found for the concentration of catecholates as a function of pH and C:N quotient 
(r
2
=0.77; p<0.001; data were log transformed to meet assumptions of normal distribution 
and constant variance) (Table 3.5).  
 
3.4.2 Fe
3+
 vs. hydroxamate siderophores 
There was a bimodal pattern in the lakes with respect to concentration of 
hydroxamate siderophores over the gradient of modeled Fe
3+
 (Figure 3.10). Lakes 
showed an increase in the concentration of hydroxamates as pFe increased (i.e., 
concentration of modeled Fe
3+
 decreased), not including the six ―outlier‖ lakes that did 
not follow the trend around pFe 16-18 (Pearson r = 0.72, p=0.0002). For the 15 lakes 
with a pFe lower than 19, two responses were observed. One group of nine lakes had low 
concentration of hydroxamate; however the other group of six lakes had higher than 
expected concentration of hydroxamates. These six lakes also contained low 
concentrations of PC, below 40 µg PC/L (range from 0-63.47 µg PC/L), indicating that 
these lakes had relatively high hydroxamates but there was no cyanoHAB formation in 
those lakes. 
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Figure 3.7 Relationship of pH vs. concentration of catecholate siderophores (Spearman r 
= -0.84, p<0.0001). 
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Figure 3.8 Scatterplot of DOC vs. (A) modeled ferric (Fe
3+
) ion concentrations or (B) 
measured labile Fe in the lakes.  
(A) 
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Figure 3.9 Scatterplot of dissolved organic carbon (DOC) vs. concentrations of 
catecholate siderophores. For lakes with pH<8 (solid circles), a significant positive 
correlation was observed (r
2
=0.65, p<0.001). For lakes with pH>8 (open circles), a 
negative trend was observed, but it was not significant (r
2
=0.14, p=0.285). 
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Table 3.5 Multiple linear regressions for concentration of catecholate-containing 
organics as a function of pH and C:N quotient (r
2
=0.77, p<0.001). Data were log 
transformed to satisfy regression assumptions of normality (p=0.419) and constant 
variance (p=0.121). Pearson correlation showed that parameters were not auto-correlated 
(p=0.069). 
 
 
Independent variables  Coefficient p value 
Log (C:N) -3.263 <0.001 
Log (pH) 1.232 <0.001 
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Figure 3.10 Scatterplot of modeled ferric (Fe
3+
) ion concentrations vs. concentrations of 
hydroxamate (first y axis) and catecholate (second y axis) siderophores. There was a 
significant correlation between modeled ferric (Fe
3+
) ion concentrations and lakes with 
hydroxamates, not including 6 ―outlier‖ lakes (Pearson r = 0.72, p=0.0002). 
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To examine if the concentration of hydroxamates was related to the number of 
cyanobacteria cells (i.e., if there was a constant rate of production among cells), or if the 
concentration of hydroxamates was related to changes in the rate of production by 
cyanobacteria cells (i.e., if there was a variable rate of hydroxamate production in cells 
exposed to different ferric ion concentrations), the concentration of hydroxamates was 
normalized to cyanobacteria biomass (concentration of phycocyanin) (Figure 3.11).  
The 12 lakes with a pFe higher than 19 had a significant relationship between 
cyanobacteria biomass and concentration of hydroxamates, indicating that as 
cyanobacteria increased, so did the amount of hydroxamates (r
2
=0.81, p<0.001) (Figure 
3.12). Antler Lake contained extremely high concentrations of both chl-a and PC, so the 
trend was re-analyzed without this lake to ensure that this one lake did not drive the 
relationship. The relationship remained statistically significant (r
2
=0.63, p=0.004, see 
inset in Figure 3.12), indicating a relationship between cyanobacteria biomass and 
hydroxamates present in the lake water. 
 
3.5 Siderophores vs. microcystins  
 Both intracellular and extracellular microcystins (MCs) were detected in all lake 
samples (Table 3.6). Maximum levels of intracellular and extracellular MC were 2.63 
µg/L and 0.47 µg/L, respectively. Further analyses of toxin concentrations, both 
intracellular and extracellular, were focused on lakes with pFe>19, to investigate 
relationships of toxin production stimulated by iron limitation and its role in an iron 
acquisition strategy.  
As lakes decreased in modeled Fe
3+
, both the intracellular MC (Spearman r = 
0.68, p=0.014) and extracellular MC increased (Spearman r = 0.68, p=0.019) (Figure 
3.13). 
There was also a significant relationship found between the concentration of 
hydroxamates and intracellular MC (Spearman r = 0.63, p=0.024) (Figure 3.14) and 
extracellular MC (r
2
=0.98, p<0.001) (Figure 3.15). Antler Lake was found to contain 
extremely high concentrations of MC, so the trend was re-analyzed without this lake to 
ensure that the relationship was not driven by the value from this one lake. 
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Figure 3.11 Scatterplot of modeled ferric (Fe
3+
) ion concentrations vs. concentrations of 
hydroxamate siderophores normalized to cyanobacteria biomass (concentration of 
phycocyanin). 
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Figure 3.12 Relationship between cyanobacteria biomass (indicated by concentration of 
phycocyanin pigment) and hydroxamate concentration for lakes above the pFe19 
threshold (r
2
=0.81, p<0.001). To ensure that the most extreme point (i.e., 718.48 µg/L 
phycocyanin, in Antler Lake), did not fully define the relationship, the data were 
examined when this point was removed (see inset: r
2
=0.63, p=0.004).  
  
y = if(1.1364+0.005*x>0, 
ln(abs(1.1364+0.005*x)), 0) 
r
2
 = 0.8133 
p<0.001 
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Table 3.6 Concentration of intracellular and extracellular microcystin, sampled using 
filtered algal biomass samples and solid phase adsorption toxin tracking (SPATT) 
devices, during the peak of the algal bloom. 
 
 
 
  Median IQR Range  
Intracellular MC (µg/L) 5.21×10-05 1.20×10-03 5.43×10-08 - 2.63 
Extracellular MC (ppb) 1.82×10-02 3.39×10-02 1.86×10-04 - 4.68×10-01 
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Figure 3.13 Relationship between modeled ferric (Fe
3+
) ion concentrations vs. (A) 
intracellular (Spearman r = 0.68, p=0.014) and (B) extracellular microcystin 
concentrations (Spearman r = 0.68, p=0.019). 
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Figure 3.14 Relationship between hydroxamate siderophore concentrations and 
intracellular microcystin concentrations (Spearman r = 0.63, p=0.024). 
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Figure 3.15 Relationship between hydroxamate siderophore concentrations and 
extracellular microcystin concentrations (r
2
=0.98, p<0.001). To ensure that the most 
extreme point (i.e., 2.63 ppb of extracellular MC, in Antler Lake) did not define the 
relationship, the data set was examined when this point was removed (see inset: r
2
=0.59, 
p=0.045). 
56 
 
 
 
The relationship remained statistically significant (r
2
= 0.59, p=0.045, see inset in Figure 
3.15).  
To examine if the concentration of toxins was related to the number of 
cyanobacteria cells (i.e., if there was a constant rate of production among cells), or if the 
concentration of toxins was related to changes in the rate of production by cyanobacteria 
cells (i.e., if there was a variable rate of toxin production in cells exposed to different 
ferric ion concentrations), the concentration of toxins, both intracellular and extracellular, 
was normalized to cyanobacteria biomass (concentration of phycocyanin). The increasing 
trend of concentration of intracellular MC, as pFe decreased remained significant 
(Spearman r = 0.50, p=0.008) (Figure 3.16A). However, the previously observed trend of 
pFe and concentration of extracellular MC was not observed (Spearman r = 0.16, 
p=0.455) (Figure 3.16B). 
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Figure 3.16 Relationship between modeled ferric (Fe
3+
) ion concentrations vs. 
concentrations of (A) intracellular microcystin (Spearman r = 0.50, p=0.008) or (B) 
extracellular microcystin (Spearman r = 0.16, p=0.455) normalized to cyanobacteria 
biomass (concentration of phycocyanin). Lakes with phycocyanin >100 µg/L are 
highlighted to indicate algal bloom conditions dominated by cyanobacteria. 
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Chapter 4 
4. Discussion  
Natural nutrient rich lakes may contain algal blooms on an annual basis. 
Sometimes, these algal blooms are dominated by cyanobacteria (Kotak & Zurawell, 
2007). CyanoHABs have the potential to be harmful, when they produce high 
concentrations of toxins that are detrimental to the organisms living within the lake 
(Kotak & Zurawell, 2007) and to those that live around it (Carmichael, 2001). There is a 
gap in knowledge as to why one lake will create a cyanoHAB while another will not. 
Traditionally, there has been a correlation between high levels of phosphate and the 
increased probability of cyanoHABs. But more recent work implicates the availability of 
Fe, in relative concentrations of P and N as a key factor.  
 
4.1 Common shallow eutrophic lakes in central Alberta are not 
N- or P-limited  
The initial selection of lakes was made to include geographically- and physically-
similar lakes that covered a wide range of real or perceived cyanoHAB event histories. 
An assessment of dissolved nutrient levels collected in the lakes at two time points in the 
summer growth season (June and August) revealed two surprising events (Fig. 3.2). First, 
the levels of dissolved nutrients in June were not strategically different than the levels 
recorded in August, in spite of the long summer season to allow conversion of nutrients 
to biomass. Second, as established in data represented in Fig. 3.2, levels of N and P 
always remained high – very much higher than the levels that traditionally limit the 
growth rates of phytoplankton (>1000× the half-saturation concentration in a Michaelis-
Menton nutrient uptake assessment). Remarkably, none of the lakes was classically 
determined to be either N- or P-limited. All lakes shared the high-level of unutilized 
macronutrient ―signature‖.  
Here, our surveyed lakes were all relatively high in both TP (>100 µg P/L) and 
TN (>1000 µg N/L) at the end of the growing season (August). While the flux or 
concentrations of N and P were critical to the formation of biomass over the season, what 
factors kept the primary producers from utilizing the last remaining unused nutrients? 
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There are several options. First, the growth of the phytoplankton cells could be limited by 
light availability. Second, rates of growth could be kept in check by active grazing, 
removing cells prior to the final nutrient consumption. Third, the rates of growth of the 
phytoplankton could be dependent upon a low rate of nutrient use efficiency due to a 
limiting micronutrient, such as the key element iron. Examination of the lakes eliminates 
the first two growth regulating factors. In the first case, all lakes are shallow and exposed 
to winds allowing the cells to be mixed thoroughly through the lake light field. In the 
second case, intensive top-down grazing was not evident in the samples collected, and 
more important, there is no evidence of high levels of recycled N due to grazing. 
 Thus, if the logic is correct, a testable hypothesis for these lakes is that the 
availability of iron is sufficiently low to limit nutrient use of either P or N (or both). If 
this were the case then variations of biologically available iron should correlate with algal 
biomass. An analysis of total dissolved Fe, macronutrient concentration and the level of 
chlorophyll-a formed in the lake showed no significant relationship observed between 
micronutrient (total dissolved Fe) and total algal biomass (estimated by chl-a) (Table 
3.2). But in a parallel assessment there was a relationship between modeled biologically 
available iron and phycocyanin, the biomass surrogate for cyanobacteria (Fig. 3.4).  
Therefore, further analysis was conducted with respect to establishing the factors that 
correlate with levels of biologically available iron and the transfer of this iron to 
phytoplankton (protists and cyanobacterial; followed by cyanobacterial biomass only), 
with regards to the level of unutilized macronutrients. 
 
4.2 Common shallow eutrophic lakes in central Alberta show 
variations in biologically available iron during the summer 
growth season   
The measurement of iron in lake systems is a common analytical procedure. 
Based on the assumption that iron, like phosphorus, cycles quickly through the food 
chain, exiting and entering the food chain periodically, measurements of the total 
elemental pool are standard. As has just been established, for the central Alberta lakes, 
the total Fe provides, at best, only a poor understanding of the use of iron in converting 
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macronutrients to phytoplankton biomass. In lakes of this type with low levels of grazing 
(deduced through the low levels of remineralized nitrogen and the high, temporally 
constant level of algal biomass) a measurement of the levels of biologically available iron 
is required.   
The two standard methods to estimate the level of biologically available iron are 
to model the level of Fe
+3
 in the complex milieu of lake water chemistry (using a 
chemical equilibrium model such as MINTEQ v.3.0) and measure ferric ions using a gel 
capture apparatus exposed to water for a fixed time. Since both of these procedures 
purport to measure the same biologically available iron, it was surprising that there was a 
very poor correlation with the findings (Fig. 3.3). In general, there was a constant 
correlation, but the variations along the linear gradient were substantial, indicating that 
the variation is due, not to error, but to variations in lake chemistries. For example, a 102-
fold reduction in gel-captured iron corresponded to a 10
2
- to 10
6
-fold reduction in 
modeled iron. There was a common trend of the gel-captured iron overestimating the 
available iron based on the model and the modeled iron was chosen for further analysis. 
This was a pragmatic choice as the modeled iron requires knowledge of other lake-
specific chemical variables such as DOC (Fig. 3.8), pH (Fig 3.6) and the altered or 
competing iron complexing ligands (Table 3.3) and these variations in chemistry can be 
correlated back to biological measurements.  
Ultimately, the selected lakes in Alberta represented environments that ranged 
from almost saturating levels of iron to lakes with exceeding low levels of modeled 
bioavailable iron. Since the levels of iron did not correlate strongly with the levels of 
unused nutrients or the level of total algal biomass it was logical to conclude that the 
composition of the algal community would vary over the range of biologically-available 
iron. Two anticipated consequences should occur: cyanobacteria (cells with distinct iron 
scavenging efficiencies compared with eukaryotic phytoplankton) will predominate the 
algal biomass and unique physiological processes inherent in cyanobacteria will be 
expressed (iron-binding ligands, siderophores, and putative iron-binding toxins). These 
physiological/ecological projections form the testable hypotheses of this thesis. 
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4.3 Low levels of biologically available iron provides a 
competitive advantage for some cyanobacteria  
The observational assessment indicated that the eutrophic lakes in central Alberta 
had variations in modeled iron, measured iron, and community structure. All algae 
require iron for cellular metabolism and growth. Within the aqueous environment, iron 
exists in either the Fe
2+
 or Fe
3+
 form (Hem, 1977; Davison & Tipping, 1984; Wetzel, 
2001). Since algae are able to assimilate and use only certain forms of iron (ferric and 
ferrous ions), it is important to determine the chemical speciation of iron, as well as its 
absolute concentrations, in order to understand its limitation on algal growth (Nagai et 
al., 2004). 
Iron is a crucial element in many cellular processes common to photosynthetic 
microorganisms. Iron is required for the electron transport system, the electron chain of 
photosynthesis, and the formation of chlorophyll and enzymes for the assimilation of 
macronutrients such as nitrate and phosphate (Morton & Lee, 1974; Rueter & Petersen, 
1987; Hyenstrand, et al., 2001; Vrede & Tranvik, 2006). The differences between 
cyanobacteria and eukaryotic phytoplankton that might lead to a predominance of 
cyanobacteria in low iron environments are: cyanobacteria can obtain low levels of iron 
more efficiently due to a relatively large cell surface:cell volume ratio; cyanobacteria will 
outcompete eukaryotic phytoplankton because cyanobacterial preference for iron species 
more prevalent at low iron concentrations; and/or cyanobacteria alter the availability of 
iron when iron concentrations are low.  
The first hypothesis tested in this thesis was that certain species of cyanobacteria 
would predominant when there are low iron concentrations in lakes. In this analysis, 
lakes with low iron conditions were correlated to high cyanobacteria concentrations (Fig. 
3.4). Since cyanobacteria are only able to assimilate and use certain forms of iron (ferric 
and ferrous) it is important to determine the chemical speciation of iron, as well as the 
factors that affect the absolute level of iron, as these components will, by extension, 
provide a specialized environment for cyanobacterial predominance.  
 Co-varying with cyanobacterial dominance and modeled low-iron levels is the 
lake pH (Fig. 3.6). Overall, pH is ubiquitously considered to be the master variable that 
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controls metal speciation in aquatic environments (Warren & Haack, 2001). In natural 
waters, pH and Eh are well-established factors that can be used to determine the 
probability of an electrochemical reaction to occur, specifically the oxidation of iron from 
Fe
2+
 to Fe
3+
 (Figure 4.1) (Pourbaix, 1974; Davison & Tipping, 1984; Rueter & Petersen, 
1987; Beverskog & Puigdomenech, 1996; Wetzel, 2001). In this study, modeled Fe
3+
 
(pFe) was strongly influenced by pH (Spearman r = 0.81, p <0.0001). As the pH of lakes 
increased, the concentration of both the measured and modeled Fe
3+
 decreased (Fig. 3.6), 
which can be explained by the tendency for iron to precipitate into ferric hydroxide 
complexes at pH > 8 (Pourbaix, 1974; Biederman & Schindler, 1975) (Fig. 4.1).  
Also co-varying with cyanobacterial dominance and modeled low-iron levels is 
the dissolved organic carbon (DOC) of the lake waters. The origin of the DOC is 
unknown. DOC could be delivered to the lake through run-off or generated though in-like 
catabolism processes. In this study, the DOC concentrations in all of the lakes were 
relatively high with a median of 34 mg/L (range = 15–50 mg/L) during peak bloom 
season. Levels of DOC suggest that both sources would be in play. DOC varies among 
lakes and has the predicted tendency to bind iron, removing some iron from the 
bioavailable iron pool. When DOC levels are incorporated into the MINTEQ program, 
the level of bioavailable iron decreases, since DOC binds to iron, it removes some iron 
from the bioavailable iron pool (Fig. 3.8). The DOC:iron relationship algorithms in the 
model are based on chelation kinetics derived from studies such as Imai et al., (1999) and 
Nagai et al., (2006). These studies emphasize that iron binds to DOC creating iron-DOC 
complexes that are unavailable for passive iron transport to the cell. 
The MINTEQ program underestimates the impact that DOC has on iron 
availability, particularly at the lower levels of DOC (Fig. 3.8a). At DOC levels lower than 
~20 mg/L the measured ―bioavailable‖ iron is several orders of magnitude lower than 
predicted. This implies that the DOC composition of the natural samples is not consistent 
and there is a higher level of iron-binding ligands on the DOC that is evident in low DOC 
lakes. A logical extension is that the DOC composition evident at low DOC levels is 
generated in situ and the higher levels of DOC are generated by increasing runoff. 
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Figure 4.1 Reconstructed simplified Pourbaix Diagram depicting iron (Fe) speciation 
with varying pH and redox potential (Eh) in aquatic environments at 25C (adapted from 
Pourbaix, 1974).  
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The combination of high pH and high DOC concentrations created conditions 
promoting Fe-limited environments, which may have led to the production of algal 
blooms dominated by species of algae that are able to overcome low iron availability 
through more efficient uptake strategies and/or the activation of iron scavenging 
strategies (Morton & Lee, 1974; Kerry et al., 1988; Brown & Trick, 1992; Lukač & 
Aegerter, 1993; Imai et al., 1999; Nagai et al., 2006).  
 
4.4 Iron scavenging system 
The revelation within the DOC assessment that indicates high-affinity iron 
complexing organics being present at low DOC levels lends itself to the possibility that 
the cyanobacteria produce specific iron binding compounds that alters the overall iron 
coordination chemistry of the DOC.  The second hypothesis tested was that cyanobacteria 
biomass is correlated with siderophores, as cyanobacteria in lakes with low ferric ion 
concentrations produce or utilize autochthonous siderophores to scavenge iron. In this 
hypothesis cyanobacteria can overcome iron limitation through the expression of a high 
affinity iron acquisition pathway – the siderophore-mediated iron uptake system. 
Siderophores are low-molecular weight ferric-specific ligands, biosynthesized to supply 
iron to the cell. These ferric ion-chelating factors were first reported from bacteria in the 
mid-late 1900s (Lankford & Byers, 1973; Neilands, 1981b); since then, these compounds 
have been termed siderophores and have been found to be produced by many 
microorganisms, including cyanobacteria (Morton & Lee, 1974; Neilands, 1981a; Trick 
et al., 1983; Brown & Trick, 1992; Raghuvanshi et al., 2007). Siderophore production 
has been shown in freshwater systems in both the laboratory (Kerry et al., 1988) and the 
field (Murphy et al., 1976). 
Siderophores can be characterized by their chemical composition, consisting of 
hydroxamic acids, catechols, or mixed functional groups such as α-hydroxycarboxylic 
acids (Sandy & Butler, 2009). These types of compounds are referred to as ―strong iron-
binding ligands‖ as the organics effectively bind iron, but are collected without 
knowledge of the low-iron induced associated cellular transport system. Previous 
laboratory studies have shown that certain species of cyanobacteria are able to produce 
hydroxamate siderophores and/or catecholate siderophores to function in a high-affinity 
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iron acquisition mechanism in low iron environments (Kerry et al., 1988; Wilhelm & 
Trick, 1994; Matz et al., 2004). Wilhelm & Trick (1994) proposed two mechanisms for 
siderophore-mediated Fe uptake: (1) hydroxamate siderophores are chemically 
hydrophilic – produced inside the cell, hydroxamates are released into the aqueous 
environment to scavenge, solubilize, and bind to organically-complexed iron, the 
subsequent iron-siderophore complex can then be taken up by the cell (Figure 1.1A); (2) 
catecholate siderophores are chemically hydrophobic and tend to remain embedded in the 
cell wall – they have a higher affinity for the Fe3+ molecule and therefore will function in 
tandem with hydroxamates to enhance the re-encounter efficiency and success of the iron 
scavenging strategy (Figure 1.1B). Figure 1.2 depicts the different cellular physiological 
processes that produce or use siderophores as part of the iron acquisition strategy induced 
by Fe-limited cyanobacteria cells.  
Strong iron-binding ligands were found in all lakes surveyed. The presence of 
strong iron-binding ligands was visually verified in 23 of the 28 lakes using extraction 
and partitioning using thin lay chromatography plates. The relative mobility factors (Rf) 
calculated for each lake sample were compared to those reported in previous studies. Rf 
values are calculated as the distance traveled by a particular compound through the 
development of the TLC plate in a specific solvent. To interpret Rf values, previously 
established migration distances must be known and must be compared with known 
siderophores. At this stage the possible siderophores are not known, so siderophore 
confirmations cannot be made. However, with regards to the visualization of iron-binding 
compounds on TLC plates, an interesting pattern of two Rf clusters emerged.  In this 
study, all 23 lakes contained siderophores with Rf value of 0.90; however, there are no 
known studies documenting siderophores with Rf of 0.90 using the specific solvent of 
isopropanol:butanol:water. Within those lakes, eight lakes (W106, W116, W132, W135, 
W146, W149, W152, and Antler) also produced siderophores with Rf values in the range 
of 0.66. This mobility corresponds positively with the siderophores isolated by Brown & 
Trick (1992). These authors studied the freshwater single celled cyanobacterium, 
Synechococcus sp., and reported a preponderance of iron-binding organics with Rf values 
of 0.76 and 0.65 using the same solvent system and plates.  Previous studies have also 
reported multiple siderophores produced by a single cyanobacteria species (Brown & 
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Trick, 1992; Hayden & Volmer, 2005); however, the Rf values were not comparable to 
those found in this study.  
  
4.4.1 Catecholates 
 The concentrations of catecholate and hydroxamates varied among the lakes. 
Catecholates were 10× higher than hydroxamates; the concentration of catecholates 
ranged from 2.60 to 12.30 mg/L during peak algal biomass. While there are no known 
studies available to compare the concentration of catecholates observed in this study, the 
concentration of catecholates appears very high. Given the levels of cyanobacteria, or 
even phytoplankton in general, it is unrealistic to suggest that the source of this measured 
iron-ligand is the iron-stressed cells itself.  One explanation for the extremely high 
concentrations of catecholates is that the analytical procedure did not measure only 
siderophores, but was predominantly measuring the composition of the externally 
supplied DOC.  
Organic matter compounds contain aromatic phenolic groups, which are sensitive 
to the colorimetric assay for catechols, or 1,2-dihydroxybenzenes (Arnow, 1937). The 
chemical structure of phenols and carboxyls allows DOC to chelate Fe ions, as well as 
siderophores present in the sample (Nagai et al., 2006; Misumi et al., 2013). In this study, 
there was a significant correlation between DOC and catecholates.  
Previous studies have shown that organic matter from wetlands may contain 
aromatic compounds, composed of relatively high concentrations of phenolic groups and 
benzene rings (Gondar et al., 2005). The catecholate-containing DOM may have entered 
the lake from at least three pathways: first, loading of catecholate-like DOM through 
runoff from the surrounding terrestrial ecosystem, particularly in terrestrial systems 
containing wetlands high in humic acids and phenolic groups (Aitkenhead-Peterson et al., 
2003; Gondar et al., 2005; Roehm et al., 2009); second, loading from atmospheric inputs 
of organic-rich sediments (Monteith et al., 2007); third, re-suspension of organic-rich 
lake sediments (Saulnier & Mucci, 2000).  
 The high concentration of iron-binding catecholates would affect iron speciation 
and availability. There was a significant correlation between pH and concentration of 
modeled Fe
3+
 (Spearman r = 0.81, p<0.0001), and between pH and catecholates 
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(Spearman r = -0.85, p<0.0001); as pH increased, there was less modeled Fe
3+
 and less 
catecholates. There were two groups of lakes that were significantly different from one 
another based on lake acidity. In the group of lakes with pH < 8, catecholates were 
observed to have a positive linear relationship with concentration of DOC (r
2
=0.65, 
p<0.001), whereas there was no significant trend between these variables in lakes with 
pH > 8 (r
2
=0.14, p=0.29). The first group of lakes with pH < 8, may contain more 
terrestrial catecholate-bearing DOC, acting as a source of iron into the lake, while the 
catecholates found in the second group of lakes with pH > 8 may have been produced by 
cyanobacteria in the more iron limited environment to function in an iron acquisition 
strategy in tandem with hydroxamate siderophores. Brown & Trick (1992) found that the 
production of catecholates enhance cyanobacteria growth better than when only 
hydroxamates were produced. The suggestion the catecholate and hydroxamates function 
together to promote cyanobacteria growth is supported by the observation that the second 
group of lakes contained the greatest cyanobacteria biomass in an iron limited 
environment.  
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
4.4.2 Hydroxamates 
 Accepting that catecholates produced by cyanobacteria cannot be measured given 
the allochthonous sources, the second form of siderophores produced by cyanobacteria, 
the hydroxamate-type siderophores were considered (Fig. 3.10, 3.11, 3.12). Production 
and utilization of hydroxamates have been well documented in scientific literature, for 
fungi and bacteria (Payne, 1980; Neilands, 1981a; Cole, 1982; Trick, 1989; Aronson & 
Boyer, 1994), as well as in both laboratory experiments (Kerry et al., 1988; Trick, 1989; 
Trick & Kerry, 1992; Wilhelm & Trick, 1994; Raghuvanshi et al., 2007; Sonier et al., 
2012) and marine environments (Trick et al., 1983; Macrellis et al., 2001; Barbeau et al., 
2003; Sandy & Butler, 2009; Gӓrdes et al., 2013) for cyanobacteria. Studies conducted in 
natural freshwater lakes are extremely limited. For example, the one study found was by 
Murphy et al. (1976) who conducted N and P fertilization limnocorrals experiments, 
which also simulated Fe-limited environments due to iron sedimentation in a closed 
system, and found the co-occurrence of algal blooms dominated by Anabaena sp. with 
the presence of siderophores. They were able to distinguish that both cyanobacteria 
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(Microcystis aeruginosa, Phormidium autumnale, and Anabaena flos-aquae) as well as 
bacteria (Pseudomonas sp. and Aerobacter sp.) were able to produce hydroxamates in 
iron deficient media, to confirm the organic chelators were autochthonous (Murphy et al., 
1976).  
 Hydroxamate siderophores were positively measured in 18 of the surveyed lakes 
during the peak algal biomass. The concentration of siderophores correlated in a bimodal 
manner relative to pFe; the first peak of hydroxamates was observed around pFe18, the 
second peak was observed around pFe 24. The lakes in the first collection of responses 
did not correspond with the presence of a cyanobacteria bloom (PC = 3 to 30 µg/L), but 
the second cluster did correspond with a cyanobacteria bloom (PC = 44 to 718 µg/L). 
Kerry et al. (1988) found a similar bimodal pattern in their laboratory study. Anacystis 
nidulans R2 strain produced siderophores around a pFe18, but with much larger 
production rates at extreme low iron condition. They attributed this early accumulation of 
siderophores as an initial attempt by the algal community to scavenge for Fe by altering 
the extracellular iron-ligand equilibrium, and the later high level of siderophore 
production once the iron-siderophore transport system was induced. The lakes in this 
study were not evaluated for siderophores over a time sequence but rather were only 
sampled once during the peak bloom season.  
The increase in hydroxamates in lakes with low concentrations of modeled Fe
3+ 
was explored at a physiological level to consider if hydroxamate production increased at 
lower Fe concentrations. When the concentration of hydroxamates was normalized to the 
concentration of PC in the lake water, the six lakes that formed the first peak in 
hydroxamates appeared to have more hydroxamates produced per cell. In contrast, the 12 
lakes that formed the second peak in hydroxamates showed no increased production of 
hydroxamates in lakes with lower modeled Fe
3+
.  
Previous laboratory studies with single isolates of cyanobacterium were able to 
conclude that cyanobacteria are able to produce siderophores when grown under Fe stress 
both in freshwater (Kerry et al., 1988; Brown & Trick, 1992; Wilhelm & Trick, 1994; 
Wilhelm, 1995; Itou et al., 2001; Xing et al., 2007) and marine environments (Trick et 
al., 1983; Macrellis et al., 2001; Barbeau et al., 2003; Gӓrdes et al., 2013). In the natural 
environment, it is more difficult to conclude that the Fe-binding ligands present were 
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produced by cyanobacteria, or other siderophore-producing organisms, including fungi, 
bacteria, and plants. However, a significant correlation between cyanobacteria biomass 
and concentration of hydroxamates was observed. This trend suggests that hydroxamate 
production by cyanobacteria is high in low Fe environments, which provides support for 
the hypothesis that cyanobacteria biomass is promoted through the production and 
utilization of siderophores to help scavenge for Fe in natural freshwater environments.  
 Elements crucial to understanding the second hypothesis are summarized in Fig. 
3.10, a logical summary of the relationship between the catecholate-type organic ligands 
and the hydroxamate-type iron ligands. An overall assessment is that lakes with the 
highest level of bioavailable iron (and thus a low probability of cyanoHABs) had the 
highest allochthonous supply of DOC with catecholate moieties. This DOC ensured the 
binding and resupply of iron into the lakes. As the contribution of catecholate-type DOC 
is diminished, the bioavailable iron was reduced; a situation encouraging to 
cyanobacterial predominance. At levels below pFe 19, there is the production of 
autochthonous hydroxamate-type iron chelators; and a condition where the putative 
producers of these iron chelators thrive.  
Needless to say, there is one distinctive cluster of hydroxamate-type iron chelators 
that does not readily fit into this simple interpretation. There is extensive hydroxamate-
type siderophores present in lake samples with a p18, a non-growth limiting but low level 
of iron. Since this is the first study to document the levels of naturally occurring 
siderophores in lakes of varying iron levels, there are limited corroborative studies to rely 
on. Two alternatives are possible: an allochthonous or autochthonous source. Given the 
general cluster pattern, and the aforementioned production of ligands by laboratory 
cyanobacteria at iron levels insufficient to initiate full siderophore production (Kerry et 
al. 1988), cyanobacteria are the most logical source of the hydroxamates. But to what 
value? By drawing an analogy to the marine siderophore systems (Macrellis et al. 2001; 
Barbeau et al. 2003; Sandy & Butler, 2009) the production and release of hydroxamate 
siderophores without the induction of the iron uptake system is a response of the cells to 
capture iron through the ―weak ligand iron acquisition system‖. In this system, there is a 
lower energetic cost of producing sufficient iron chelators to maintain iron in the system 
than to chelate and transport bound iron. The release of chelators at this level of iron 
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would assist in iron cycling (via photolysis, for example), allowing the cyanobacteria to 
thrive, but not create an iron competition with eukaryotic phytoplankton. 
 
4.5 Role of toxins in the iron scavenging system 
Toxin production by cyanobacteria has been documented and studied for almost 
200 years; yet, there is no consensus on the triggers and justifications for toxin 
production (Kotak & Zurawell, 2007; Carmichael, 2008). The relationship between toxin 
production of microcystin-LR (MC-LR) and iron stress has been the focus of studies, 
since MC-LR is the most common variant of over 80 MC compounds (Klein et al., 2013) 
and is suggested to have potential Fe-chelating properties (Lukač & Aegerter, 1993). 
Lukač & Aegerter (1993) found that as bioavailability of iron decreases, the production 
of toxins increase. Utkilen & Gjølme (1995) and Klein et al. (2013) suggested that toxin 
production is stimulated by iron stress to aid cells in a high-affinity iron acquisition 
system, similar to the function of siderophores. The lakes surveyed measured positively 
for MC-LR concentrations, and also exhibited peaks of toxin concentrations at low 
concentrations of modeled Fe
3+
 (Figure 3.13).  
The third hypothesis is siderophore concentrations are positively related to MC 
concentrations, as MC has structural coordination sites that act as iron-binding ligands, 
and possibly function as siderophores in low iron conditions. To test this hypothesis, the 
relationship between hydroxamates and MC-LR was examined and found to be 
significant. The significant correlation between hydroxamates and extracellular MC-LR 
indicated that there might be a role for extracellular MC-LR to act as an iron chelator 
alongside hydroxamates during iron stress. This explanation however, is contradictory to 
the conclusions of Klein et al. (2013).  This group found that the stability constants of 
Fe
3+
 to MC-LR compounds are many orders of magnitude too low solely for the function 
of Fe-chelation. Further research should be conducted on the function of MC-Fe 
complexes and the efficiency of uptake by cyanobacteria algal cells.  
Initially, correlations in the eutrophic lakes in central Alberta suggest that at an 
ecological level, hydroxamate siderophores appear to be linked to both intracellular, as 
well as extracellular MC (Figure 3.14; Figure 3.15). However, when toxins were 
71 
 
 
 
analyzed on a physiological basis (normalized to concentration of PC), the increasing 
trend of extracellular toxin was lost (Figure 3.16b); this lack of significant correlation 
could be attributed by the artifact of greater MC concentrations due to greater 
cyanobacterial biomass. The increase in extracellular MC was not in fact due to increased 
production, but merely, increased biomass. However, the correlation of increased 
intracellular MC as modeled Fe
3+ 
decreased, remained apparent, even on a physiological 
level, indicating that there may be an increased production on a per cell basis, in Fe-
limited environments (Figure 3.16a). These results support the hypothesis proposed by 
Utkilen & GjØlme (1995) and Klein et al. (2013) that MC-LR may serve as an 
intracellular Fe-chelator to store Fe and reduce intracellular concentrations of Fe
2+
, to 
promote increased uptake of Fe. 
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Chapter 5 
5. Conclusions 
Algal blooms are directly affected by varying nutrient limitations P, N, and Fe. 
Due to its role in chlorophyll synthesis, nitrogen fixation, electron transport, and other 
cellular metabolism processes, bioavailability of Fe in natural freshwater lakes is an 
important parameter than can affect algal growth. In the nutrient-rich eutrophic lakes of 
Alberta, Canada, the micronutrient Fe was an important and significant determinant of 
cyanobacteria dominance in peak algal blooms.  
The first hypothesis tested was that in eutrophic lakes, certain species of 
cyanobacteria could become dominant when iron is limited for algal cellular uptake. This 
study observed significantly higher cyanobacteria biomass (measured as concentration of 
phycocyanin pigment) in lakes with low-modeled ferric (Fe
3+
) ions (pFe >19), the form 
of iron that is most readily available for cellular uptake within aquatic environments. The 
two main factors that affected iron availability were pH and dissolved organic carbon 
(DOC) concentrations; the combination of alkaline environments (pH >8) with high 
concentration of DOC with the potential to bind iron, created iron limited conditions in 
those lakes. 
The second hypothesis tested was that cyanobacteria become dominant in iron 
limited environments through the initiation of a high affinity iron acquisition system that 
allows them to produce or utilize siderophores to scavenge for iron. This study observed 
the presence of two different siderophores in the surveyed lakes. Hydroxamate 
siderophores were found in concentrations 10× lower than catecholate siderophores. It 
was concluded from these findings, that within natural eutrophic freshwater lakes, 
catecholate contributions might not only be from cyanobacteria production, but also from 
terrestrial inputs, acting as a source of iron for phytoplankton growth.  
Hydroxamate concentrations increased as pFe in lakes increased (which indicates 
greater iron limitation).  It also appeared that certain cyanobacteria biomass, at higher 
concentrations of Fe
3+
, may produce weaker ligands as Fe concentrations are decreasing, 
without the production of associated transporter proteins. Contrastingly, catecholate 
concentrations decreased, further supporting the theory that catecholates within the lake 
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were not primarily contributed through the production by cyanobacteria. Catecholates 
were found to have significant relationships with pH and DOC, and seemed to function as 
an iron source to the lakes in conditions that promoted iron solubilization.   
Lastly, the third hypothesis tested was that cyanotoxin, specifically microcystin-
LR (MC-LR), is produced during iron limited environments to help scavenge for iron or 
work in tandem with siderophores as part of an iron acquisition system. This study 
observed significant correlations between the concentrations of both intracellular and 
extracellular MC-LR as a function of pFe. Intracellular MC-LR concentrations were 
significantly higher in cyanobacteria cells that were exposed to iron limited conditions, 
indicating that it may serve as an intracellular iron chelator. Extracellular MC-LR 
concentrations were significantly correlated with hydrophilic, hydroxamate siderophores, 
providing evidence that it may also function as an iron-scavenging compound, working in 
tandem with hydroxamate siderophores. 
 
5.1 Scientific significance 
The scientific significance of this study lays in its novel techniques and execution 
within natural eutrophic freshwater systems. Although siderophores have been isolated 
from laboratory cultures and marine systems, this is the first known study to detect and 
quantify both hydroxamate and catecholate siderophores in high-nutrient, eutrophic 
freshwater lakes. This is important because organisms may function differently within the 
natural environment, where many other factors can affect its behavior.  
This study ―opens the door‖ for new research avenues, including detection and 
quantification in other freshwater systems (i.e. oligotrophic lakes), which may be limited 
simultaneously by other nutrients as well, to compare the different strategies that 
cyanobacteria may induce to overcome nutrient stress. This study has also shown that 
there is a need for method and technique development in quantification and 
characterization of natural iron-organic-compounds in eutrophic lakes.  
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5.2 Practical significance 
The practical significance of this study in the field of algal bloom management 
lies in the knowledge of the underlying physiological processes that certain species of 
cyanobacteria can undergo to produce cyanoHABS. This study helps researchers 
understand the physiological needs and controls on cyanobacteria algal cell growth, 
which is an important field of study when trying to create algal bloom management and 
mitigation strategies. In this study has been shown to be an important nutrient that should 
be considered when creating management plans for cyanoHAB mitigation and control. 
Iron additions have been shown to support cyanoHABs and iron limitation has been 
found to alter algal bloom communities towards that of cyanobacteria dominance. 
However, below certain concentrations of bioavailable iron, even the high-affinity 
acquisition strategies initiated by certain algal species cannot overcome the stress of 
nutrient limitation. Therefore, extreme iron limitation should be explored to control the 
formation of cyanoHABs, by adding strong iron-chelators that can lower bioavailable Fe 
and effectively starve the algal population. 
Toxin monitoring is of particular importance in freshwater lakes that provide 
many ecological services. When significant concentrations of cyanotoxins are measured, 
organizations such as Lakewatch and Alberta Environment publicize reports to help make 
Alberta residents aware of the potential toxic algal blooms forming in their local lakes 
(McEachern, 1999). The ability to predict cyanotoxicity in freshwater lakes can be crucial 
to lake management strategies, especially in populated areas. This study has shown that 
iron limitation can serve as an indirect indicator of potential toxin production by 
cyanobacteria biomass. 
In conclusion, this study has shown that in natural eutrophic lakes, cyanobacteria 
have the ability to induce high affinity iron acquisition strategies to overcome iron 
limitation and subsequently bloom over other eukaryotic algal species. Implications of 
this study are that micronutrient limitation may be just as, if not more important, than 
macronutrient limitations.  Future studies that seek to improve cyanoHAB monitoring 
and mitigation should seriously consider the effects of iron limitation on cyanobacteria 
cellular growth.  
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Appendices 
 
A1. Raw Data 
A1.1 Lake sample locations and areas 
Table A1.1 Location and size of all lakes sampled. 
Alberta Lakes 
Lake ID Easting Northing Area (m
2
) 
W18 -112.88 53.71 22580 
W19 -112.82 53.70 113070 
W20 -112.81 53.70 113070 
W23 -112.81 53.69 42940 
W25 -112.76 53.69 17320 
W36 -112.87 53.67 27600 
W38 -112.86 53.66 5390 
W40 -112.75 53.66 25400 
W53 -112.91 53.64 338880 
W54 -112.92 53.64 12220 
W62 -112.78 53.64 31730 
W75 -112.86 53.62 45230 
W88 -112.95 53.59 5280 
W90 -112.95 53.58 6100 
W106 -112.91 53.55 16250 
W112 -113.00 53.54 17290 
W116 -112.89 53.53 24430 
W132 -113.00 53.51 13640 
W135 -112.71 53.51 3670 
W146 -112.72 53.49 32550 
W149 -112.70 53.48 3130 
W152 -112.78 53.47 9470 
W160 -112.78 53.47 18000 
W192 -112.97 53.37 4720 
Antler -112.97 53.50 2368000 
Astotin -112.85 53.68 5639320 
Hastings  -112.92 53.42 7656810 
Islet -112.83 53.46 1129340 
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A1.2 Lake nutrients (June) 
Table A1.2 Lake nutrient concentrations during early (June) growing season. 
Early Growing Season (June) 
Lake ID pH 
(NH4+NH3) 
(µg/L) 
(NO2+NO3) 
(µg/L) 
TN 
(µg/L) 
SRP 
(µg/L) 
TP 
(µg/L) 
TN:TP 
(M) 
DOC 
(mg C/L) 
DOC:TN 
(M) 
TDFe 
(mg/L) 
Modeled 
pFe 
W18 8.28 112.00 2.00 2400 142.60 195.50 28.06 47.70 23.19 0.10 20.99 
W19 9.23 94.00 2.00 2670 7.90 80.50 75.81 44.40 19.40 0.14 22.39 
W20 9.38 110.00 2.00 2590 19.70 115.70 51.17 44.40 20.00 0.08 23.12 
W25 8.11 46.00 2.00 1620 22.00 43.90 84.35 30.40 21.89 0.03 21.84 
W36 7.50 176.00 6.00 1920 86.00 351.50 12.49 37.20 22.60 1.44 15.95 
W38 7.64 204.00 12.00 2020 64.20 152.50 30.28 43.20 24.95 1.90 16.08 
W40 7.94 48.00 2.00 1750 20.60 35.50 112.68 35.80 23.87 0.13 19.96 
W53 8.31 28.00 8.00 1900 358.40 321.30 13.52 28.00 17.19 0.09 20.74 
W54 9.39 76.00 6.00 2170 39.30 152.70 32.48 37.60 20.22 0.27 21.92 
W62 9.67 44.00 4.00 2110 21.50 50.40 95.69 33.20 18.36 0.25 22.39 
W75 8.99 94.00 4.00 2430 170.60 187.20 29.67 47.20 22.66 0.28 21.22 
W88 7.66 14.00 2.00 1230 8.80 166.10 16.93 29.20 27.70 0.45 17.31 
W90 7.99 64.00 10.00 1480 63.60 60.90 55.55 28.60 22.55 0.77 17.59 
W106 7.92 36.00 2.00 1960 356.60 408.00 10.98 50.40 30.00 0.17 19.94 
W112 7.93 32.00 12.00 1300 19.50 63.00 47.17 31.20 28.00 1.92 16.20 
W116 8.91 24.00 2.00 1880 39.80 54.80 78.42 39.60 24.57 0.13 21.83 
W132 7.89 408.00 16.00 2280 911.60 1004.00 5.19 37.20 19.04 0.94 17.42 
W135 8.25 172.00 2.00 1290 14.90 66.00 44.68 17.10 15.47 1.03 16.94 
W146 8.66 102.00 2.00 2080 261.50 319.50 14.88 34.40 19.29 0.03 23.15 
W149 7.63 116.00 2.00 1690 17.70 41.50 93.08 26.20 18.09 0.09 19.18 
W152 7.87 44.00 2.00 1730 39.05 62.20 63.57 32.40 21.85 0.20 19.25 
W160 8.98 72.00 6.00 2460 49.85 78.10 72.00 40.40 19.16 0.02 24.20 
W192 7.30 54.00 4.00 1540 3.00 21.60 162.96 42.40 32.12 1.25 15.70 
Astotin 9.19 88.00 2.00 2790 8.70 53.30 119.65 46.20 19.32 0.00 34.57 
Hastings 8.89 32.00 2.00 3260 4.40 34.30 217.24 52.20 18.68 0.01 24.65 
Islet 8.62 92.00 6.00 2190 52.10 255.80 19.57 36.80 19.60 0.02 23.74 
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A1.3 Lake nutrients (July) 
Table A1.3 Lake nutrient concentrations during mid (July) growing season. 
 
Mid Growing Season (July) 
Lake ID pH 
(NH4+NH3) 
(µg/L) 
(NO2+NO3) 
(µg/L) 
TN 
(µg/L) 
SRP 
(µg/L) 
TP 
(µg/L) 
TN:TP 
(M) 
DOC 
(mg/L) 
DOC:TN 
(M) 
TDFe 
(mg/L) 
Modeled 
pFe 
Measured 
labile Fe 
W18 7.47 74.00 4.00 2330 213.05 548.60 9.71 44.00 22.03 0.12 19.25 1.89E-11 
W19 8.46 428.00 18.00 3290 95.40 310.60 24.21 39.60 14.04 0.25 20.42 8.10E-13 
W20 9.24 50.00 4.00 3080 55.80 100.20 70.26 43.60 16.52 0.10 22.71 7.07E-13 
W25 8.65 18.00 2.00 1850 64.95 64.00 66.07 30.20 19.05 0.02 23.35 5.42E-13 
W36 7.78 140.00 10.00 2200 90.30 219.70 22.89 38.00 20.15 1.11 16.78 5.19E-11 
W38 7.30 164.00 24.00 2290 157.45 323.60 16.18 42.80 21.80 2.40 15.14 1.26E-10 
W40 8.13 32.00 2.00 1890 24.80 66.20 65.26 37.60 23.21 0.22 19.83 1.28E-10 
W53 8.51 36.00 2.00 1960 401.20 656.50 6.82 34.40 20.48 0.09 21.33 7.72E-13 
W54 9.54 96.00 4.00 2390 28.90 110.60 49.39 38.00 18.55 0.20 22.49 8.14E-13 
W62 10.08 58.00 4.00 2350 17.75 50.00 107.43 36.40 18.07 0.08 24.25 7.21E-13 
W75 9.24 90.00 6.00 2420 98.20 286.30 19.32 46.80 22.56 0.15 22.17 2.45E-12 
W88 7.94 16.00 2.00 1310 5.30 51.20 58.48 28.00 24.94 0.42 17.90 9.56E-13 
W90 8.49 22.00 6.00 1600 39.20 82.30 44.44 28.60 20.85 0.51 19.02 3.69E-12 
W106 7.88 28.00 4.00 2100 229.45 308.60 15.55 42.60 23.67 0.16 19.77 3.73E-12 
W112 7.71 20.00 8.00 1440 54.40 236.50 13.92 31.80 25.76 0.82 16.74 6.26E-12 
W116 9.44 28.00 4.00 1890 51.30 58.90 73.34 40.00 24.69 0.11 22.82 1.17E-12 
W132 7.83 296.00 14.00 2290 686.00 497.60 10.52 38.10 19.41 1.00 17.26 1.88E-11 
W135 7.87 94.00 8.00 1290 7.00 91.00 32.40 19.60 17.73 1.23 16.15 4.59E-11 
W146 8.73 356.00 2.00 2260 41.80 246.10 20.99 30.40 15.69 0.01 24.14 6.17E-12 
W149 7.63 68.00 2.00 1700 17.70 114.10 34.06 30.40 20.86 0.06 19.74 5.08E-12 
W152 7.85 8.00 4.00 1680 135.35 237.20 16.19 34.60 24.03 0.38 18.33 1.77E-10 
W160 9.16 36.00 4.00 2520 58.00 120.10 47.96 40.50 18.75 0.00 34.27 3.67E-13 
W192 7.63 14.00 4.00 1660 2.20 91.10 41.65 39.30 27.62 0.89 16.62 1.76E-11 
Astotin 9.35 52.00 2.00 2870 8.80 66.70 98.35 47.10 19.15 0.00 34.93 N/A 
Hastings 8.85 106.00 2.00 4250 3.90 67.80 143.28 59.60 16.36 0.00 34.31 N/A 
Islet 9.06 36.00 2.00 2390 36.60 91.10 59.97 36.60 17.87 0.03 24.06 N/A 
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A1.4 Lake nutrients (August) 
Table A1.4 Lake nutrient concentrations during late (August) growing season. 
 
Late Growing Season (August) 
Lake ID pH 
(NH4+NH3) 
(µg/L) 
(NO2+NO3) 
(µg/L) 
TN 
(µg/L) 
SRP 
(µg/L) 
TP 
(µg/L) 
TN:TP 
(M) 
DOC 
(mg/L) 
DOC:TN 
(M) 
TDFe 
(mg/L) 
Modeled 
pFe 
Measured 
pFe 
W18 7.11 214.0 2.0 2510 126.60 129.70 44.23 37.20 17.29 0.14 18.23 N/A 
W19 9.45 44.0 2.0 2460 95.40 310.60 18.10 40.40 19.16 0.18 22.32 4.30E-13 
W20 8.93 32.0 2.0 2580 60.00 54.10 109.00 37.20 16.82 0.09 22.17 5.49E-13 
W23 9.61 52.0 2.0 2130 121.10 362.80 13.42 33.20 18.18 0.18 22.58 5.14E-13 
W25 7.56 16.0 2.0 1390 21.40 48.00 66.19 22.40 18.80 0.02 20.98 2.61E-13 
W36 7.23 6.0 18.0 1920 59.30 146.90 29.87 38.40 23.33 1.69 15.21 5.81E-11 
W38 7.59 46.0 8.0 1980 24.90 385.50 11.74 34.20 20.15 1.43 16.02 5.89E-11 
W40 7.46 20.0 2.0 1660 3.90 28.40 133.60 34.00 23.90 0.31 17.88 3.44E-11 
W53 7.63 16.0 2.0 1880 584.40 371.70 11.56 25.00 15.51 0.20 18.53 1.64E-12 
W54 7.78 100.0 4.0 2190 53.80 395.20 12.67 29.80 15.88 0.48 17.72 3.30E-12 
W62 7.85 54.0 2.0 2100 18.40 116.10 54.11 29.60 16.44 0.55 17.50 1.68E-12 
W75 8.20 20.0 4.0 1990 52.20 62.50 72.78 38.00 22.28 0.23 19.94 3.99E-12 
W88 7.74 4.0 2.0 1130 6.80 41.90 61.64 21.40 22.09 0.44 17.08 1.21E-12 
W90 7.71 28.0 14.0 1510 31.50 150.20 22.98 25.20 19.47 1.64 16.03 N/A 
W106 7.57 24.0 6.0 2360 192.10 210.80 25.59 41.60 20.56 0.69 17.04 5.03E-11 
W112 7.48 16.0 10.0 1220 46.90 55.20 50.52 32.00 30.60 1.32 15.79 3.61E-12 
W116 8.25 22.0 2.0 1930 29.60 128.30 34.38 37.20 22.49 0.12 20.67 N/A 
W132 7.28 188.0 14.0 2060 576.60 662.80 7.10 35.80 20.28 1.19 15.92 1.73E-11 
W135 7.33 4.0 2.0 1040 11.00 202.60 11.73 15.70 17.61 0.29 16.53 4.97E-13 
W146 7.91 76.0 2.0 1620 17.40 88.70 41.75 24.20 17.43 0.05 20.47 1.92E-12 
W149 7.46 20.0 2.0 1334 17.50 485.00 1.26 23.60 20.64 0.06 19.15 4.79E-12 
W152 7.61 10.0 6.0 1650 75.80 145.20 25.97 30.40 21.49 0.60 16.89 5.39E-11 
W160 8.31 36.0 2.0 2500 132.90 141.70 40.33 35.40 16.52 0.04 22.06 6.38E-13 
W192 7.28 34.0 18.0 1560 0.60 42.80 83.31 34.20 25.58 2.00 14.88 N/A 
Antler 8.38 12.0 2.0 3380 44.40 491.30 15.73 44.80 15.46 0.01 23.84 4.88E-13 
Astotin 9.18 22.0 2.0 2680 65.85 88.90 68.91 41.60 18.11 0.01 25.17 1.65E-13 
Hastings 9.12 10.0 2.0 3160 5.20 54.20 133.26 48.80 18.02 0.02 24.52 2.15E-13 
Islet 9.71 12.0 2.0 2350 16.40 189.40 28.36 36.00 17.87 0.06 23.95 3.90E-13 
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A1.5 Historical climate 
 
 
 
 
 
 
 
 
Figure A1.5 30-year climate data collected from Tofield (Alberta) weather station.  
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A2. Outlier lake samples 
Within the 30 lakes sampled in 2012, two lakes chosen based on area (>1,000,000 
m
2
) and depth (>2 m) (Table A2.1), were recognized as statistical outliers through the 
median absolute deviation test based on non-parametric data (critical value = 5). Cooking 
Lake was very large (36417050 m
2
), with a maximum depth recorded at 4.6 m and mean 
depth of 1.7 m. However, these lakes were physically and characteristically different 
from all other lakes sample. Nutrient data for 2012 samples are provided in Table A2.2. 
Cooking lake is very nutrient rich, with over twice the amount of DOC than other 
lakes. Cooking lake is able to provide for large, dense algal blooms during mid- to late-
summer. Oster Lake was also recognized as an outlier, for an unrealistically low 
concentration of modeled Fe
3+ 
present in the lake water. Oster lake, although large 
(1350410 m
2
) and deep, was suffocated by large macroalgae and vegetation. Both of 
these sites were removed from all statistical analysis in this study to ensure that lake 
samples were comparable and results would not be skewed.  
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Table A2.1 Location and size of ―outlier‖ lakes, Cooking and Oster. 
 
Alberta Lakes 
NAME Easting Northing Area (m
2
) 
Oster -112.91 53.63 1350410 
Cooking -113.05 53.42 36417050 
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Table A2.2 Lake nutrient concentrations during the three sampling periods: early (June), mid (July), and late (August) growing season 
for the ―outlier‖ lakes, Cooking and Oster. 
 
 
 
Early growing season (June) 
Lake ID pH 
(NH4+NH3) 
(µg/L) 
(NO2+NO3) 
(µg/L) 
TN  
(µg/L) 
SRP 
(µg/L) 
TP 
(µg/L) 
TN:TP 
(M) 
DOC  
(mg C/L) 
DOC:TN 
(M) 
TDFe 
(mg/L) 
Modeled 
pFe 
Measured 
labile Fe 
Cooking 8.51 1850.00 2.00 13800.00 359.90 689.70 45.73 162.00 13.70 0.02 24.58 N/A 
Oster 9.93 46.00 2.00 3120.00 66.20 110.40 64.60 58.40 21.84 0.02 25.83 N/A 
Mid growing season (July) 
Cooking 8.22 2770.00 2.00 15500.00 729.40 1352.40 26.20 192.00 14.45 0.03 23.51 N/A 
Oster 10.06 94.00 2.00 3850.00 48.40 93.50 94.12 58.40 17.70 0.00 35.93 8.75E-13 
Late growing season (August) 
Cooking 9.07 106.00 2.00 10900 132.60 561.20 44.39 146.00 15.63 0.02 24.25 4.47E-13 
Oster 9.58 200.00 4.00 4100 35.3 193.80 47.54 63.6 18.10 0.00 35.33 3.18E-13 
94 
 
 
 
A3. Modeling of free ferric iron using Visual MINTEQ 
 Determination of chemical speciation of inorganic ions such as sodium (Na
+
), 
phosphate (PO4
3+
), and ferric/ferrous iron (Fe
2/3+
), and the concentration of the soluble 
reactive species, are crucial to understanding biogeochemical processes in natural settings 
such as freshwater lakes (Viollier et al., 2000). Within the aquatic environment, iron is 
one of the most reactive elements, cycling through different forms, coupled to many 
important nutrients such as carbon, oxygen, sulfur, and phosphorus (Tessier & Campbell, 
1988). These interactions make determination of free metal ion concentrations a difficult 
task to accomplish. In natural freshwater lakes, environmentally relevant concentrations 
may be lower than 10
-9
 M, also contributing to the difficulty in creating reliable methods 
for quantification (Guthrie et al., 2005). One approach to determining concentrations of 
chemical speciation is through equilibrium-based computer speciation codes such as 
MINTEQA2 (Gustafsson, 2005), GEOCHEM (Parker et al., 1995), and the Non-Ideal 
Competitive Adsorption (NICA)-Donnan Model (Milne et al., 2003).  
 Visual MINTEQ v.3 was used in this thesis to calculate concentrations of the 
different species of inorganic ions and complexes, specifically ferric ions (Fe
3+
). The 
Swedish Research Council (VR) and the Foundation for Strategic Environmental 
Research (MISTRA) supported the development of Visual MINTEQ, which was 
established from MINTEQA2, a DOS program originally coded by the U.S. 
Environmental Protection Agency (EPA). The aim of the program was to simulate 
equilibria and speciation of inorganic solutes in natural waters. Taking into account the 
input of measured chemical parameters (i.e., pH, alkalinity, various inorganic ion 
concentrations, etc.); the multi-problem generator is to produce an output of estimated ion 
concentrations such as Fe
3+
. 
Visual MINTEQ v.3 was modified from MINTEQA2, to include the effects of 
humic substances (HS). Usually comprising up to >60% of dissolved organic carbon 
(DOC), HS are a naturally occurring organic substance that complexes metals in 
freshwaters (Guthrie et al., 2005). Humic substances are composed of fulvic acids and 
humic acids; the default setting in the modeling program is 50% fulvic to humic acids. 
However, the amount of fulvic to humic acids in natural freshwater lakes may vary 
depending on dissolved organic matter (DOM) concentrations, constituents, and 
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contributors. To investigate the effects of different percentages of fulvic acid 
concentrations, different modeled Fe
3+
 concentrations were calculated and compared. The 
results of a Kruskal-Wallis One Way Analysis of Variance (ANOVA) on Ranks showed 
that there was no significant difference between the percentage ratio of fulvic to humic 
acids (Figure A3.1; p=0.99). Therefore, the percentage ratio of fulvic to humic acids was 
inputted at 36%, the common ratio of HS found in freshwater lakes of Alberta, Canada 
(Curtis & Adams, 1995).  
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Figure A3.1 Concentration of modeled ferric (Fe
3+
) ions does not differ significantly 
with varying percent ratio of fulvic to humic acids in dissolved organic carbon (DOC) in 
Visual MINTEQ (p=0.99). 
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A4. Phycocyanin protocol development 
 
Methods for extraction of chlorophyll pigments from glass fiber filters have been 
conventionally used in many research studies (Jeffery & Humphrey, 1975); the extraction 
of phycobiliproteins is not as commonly employed. However, the measurement of PC 
concentrations as a determinant of cyanobacteria biomass has been shown to provide a 
reliable, simple, and specific measuring technique (Otsuki et al., 1994; Izydorczyk et al., 
2005; Ahn et al., 2007). In this thesis, PC pigment extraction protocols were adapted 
from extraction protocols used for chl-α pigment from glass fiber filters. To ensure 
maximum extraction and quantification of PC pigments from filters, extraction 
efficiencies were compared between a cell culture of Microcystis strain 299 (pellet 
obtained from centrifuging), and an equal volume of cell culture filtered on a GF/C filter. 
The final protocol was adapted from Lawrenz et al. (2011), where the filter was prepared 
for pigment extraction as described in section 2.3.3; following sample preparation, both 
the pellet and filter were extracted for PC pigments according to methods outlined in 
section 2.3.3.1. Since phycocyanins appear as a blue modeled, showing high absorbance 
values at 620 nm on the spectrophotometer, sample concentrations were calculated using 
absorbance values and subsequently compared to confirm both methods were equivalent 
in PC pigment extraction efficiencies (Figure A4.1). 
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Figure A4.1 Comparison of phycocyanin pigment extraction and quantification 
efficiency between a centrifuged pellet and equivalent sample filtered on a GF/C filter, 
using Microcystis strain CPCC 299.  
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A5. Sampling siderophores in highly colored eutrophic lakes 
 
Siderophore ligand isolation and characterization methods have been well 
established for culture experiments, however, the application of these methods to natural 
lake samples, especially eutrophic freshwater lakes, is rare. A major difference when 
measuring natural water samples is the interference of other organic and inorganic ions 
present in the system that cannot be removed from the sample. The collected siderophore 
samples from the highly eutrophic lakes in central Alberta ranged from a pale yellow to a 
dark brown hue. Both the Czaky and Arnow Tests are modeled colorimetric tests, where 
quantification of the hydroxamate and catecholate compounds are based on color 
producing reactions and subsequent absorbance readings using a spectrophotometer. 
 The Czaky test produces samples with a pink shade (Figure A5.1A), measuring 
peak absorbance at 543 nm (Gillam et al., 1981); the Arnow test produces samples with a 
red shade (Figure A5.1B), measuring peak absorbance at 500 nm (Arnow, 1937). These 
samples appeared to be masked by the yellow shades produced by organic matter (Figure 
A5.2). To overcome this interference, a modeled correction sample was created based on 
the chemical reactions used in each method to extract the hydroxamate and catecholate 
compounds.  
 Samples used to quantify hydroxamate siderophores underwent the same 
methodology, but were not hydrolyzed at 100°C; samples used to quantify catecholate 
siderophores underwent the same methodology, but the modeled reagent, nitrite 
molybdate, was replaced with MilliQ water (MQW). There was a distinguishable 
modeled difference between correction samples, which were subtracted from absorbance 
readings of the original sample, giving a more appropriate siderophore concentration. 
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Figure A5.1 Pictures of standard calibration samples for (A) hydroxamate siderophores 
using the Czaky test (standard used: hydroxylamine hydrochloride), and (B) catecholate 
siderophores using the Arnow test (standard used: 2,3-dihydroxybenzoic acid). 
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Figure A5.2 Picture of sample solutions and color correction solutions showing 
difference in sample colors (SS=sample solution; CC=color correction). 
SS 
CC CC 
CC 
CC SS 
SS 
SS 
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A6. Thin layer chromatography 
 
Initial determination of the presence of iron-binding ligands was conducted using 
thin layer chromatography. There are many different solvents that can be used in TLC 
such as methanol/water (7:3), isopropanol/water (7:3), isopropanol/butanol/water (1:1:1), 
(Macrellis et al., 2001), and 2-propanol/methanol/water/acetic acid (8/1/0.5/0.5) (Hayden 
& Volmer, 2005). Trials with these different solvents were conducted; the best results 
with prominent iron-binding ligands occurred with isopropanol/butanol/water (1:1:1) 
(Figure A6.1). Since siderophore samples were eluded and concentrated in methanol, the 
plate-developing solvent that did not contain the original sample solvent was used. This 
also ensured that compound migration on the silica gel place would not be affected by the 
developing solvent. All but five lakes revealed the presence of iron-binding compounds 
(Table A6.1). Eight lakes were observed to have two different iron-binding compounds 
with different molecular weights, as evidence by different migration distances (Figure 
A6.2).  Rf values around 0.90 were commonly throughout all lake samples, however, 
there is no comparable compound characterized in previous literature to determine the 
specific siderophore found in this study. 
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Figure A6.1 Picture of siderophore samples concentrated in methanol, plated on silica-
coated plastic sheets (Whatman PE SIL G), developing in isopropanol:butanol:water 
(1:1:1) solvent.  
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Figure A6.2 Picture of TLC samples after compounds are sprayed with FeCl3 to bind 
with iron and reveal iron-binding compounds with different molecular weights. Relative 
mobility factors (Rf) are calculated based on migration distance of the compound relative 
to the migration distance of the solvent front. 
 
 
R
f
 = 0.66 
R
f
 = 0.89 
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Table A6.1 Relative mobility factors (Rf) for all siderophore lake samples during peak 
algal biomass.  
 
Lake Rf value 1  Rf value 2 
W18 0.00 0.00 
W19 0.00 0.00 
W20 0.00 0.00 
W23 0.88 0.00 
W25 0.00 0.00 
W36 0.91 0.00 
W38 0.89 0.00 
W40 0.90 0.00 
W53 0.90 0.00 
W54 0.92 0.00 
W62 0.89 0.00 
W75 0.00 0.00 
W88 0.91 0.00 
W90 0.93 0.00 
W106 0.94 0.52 
W112 0.96 0.00 
W116 0.88 0.69 
W132 0.88 0.69 
W135 0.88 0.69 
W146 0.88 0.67 
W149 0.90 0.72 
W152 0.88 0.65 
W160 0.88 0.00 
W192 0.86 0.00 
Antler 0.89 0.66 
Astotin 0.93 0.00 
Hastings 0.90 0.00 
Islet 0.89 0.00 
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A7. Dissolved oxygen and iron availability 
Another parameter that affects iron speciation in aquatic environments is 
concentration of dissolved oxygen (DO). Concentrations of DO varied in the study lakes, 
ranging from 2.93 to 15.51 mg/L, with most lakes containing DO between 4-7 mg/L 
(Figure A7.1). DO appeared to be affected by pH, with higher concentrations of DO at 
higher pH (r
2
=0.64, p<0.001; Figure A7.2); however, DO did not correlate to total algal 
biomass (Figure A7.3). Specifically, DO influences concentrations of bioavailable ferric 
iron (Fe
3+
), where, as DO decreases, concentrations of Fe
3+
 increases (r
2
=0.53, p<0.001; 
Figure A7.4); similarly, concentrations of measured labile Fe also decreased as DO 
increased, indicating that iron flux in lake waters are affected by DO (r
2
=0.69, p<0.0001; 
Figure A7.5). With reference to the threshold of pFe19 (Kerry et al., 1988), above which 
the Fe scavenging system is hypothesized to be induced, DO concentrations were around 
4-7 mg/L, a range of DO that supports most warm water fish but is approaching levels of 
anoxia (Jones, 2011). 
With the relationship of Fe to DO, it was expected that cyanobacteria biomass (as 
indicated by concentration of phycocyanin) would also be affected by concentration of 
DO, however, there were no significant relationships found with DO vs. phycocyanin 
(Figure A7.6). It appears that with more DO, and less Fe, there may be more 
cyanobacteria, as shown by lakes with phycocyanin above the threshold of > 100 µg/L, 
indicating a cyanoHAB event, when DO is greater than 5 mg/L.  
Concentration of hydroxamates in lake waters appeared to be independent of DO 
(and Fe), where highest concentrations of hydroxamates occur from 4-10 mg/L of DO 
(Figure A7.7).  Assuming that all hydroxamates are produced by cyanobacteria, I 
observed that the efficiency of hydroxamate production is highest in the lower 
concentration ranges of DO (4-7 mg/L), when Fe is higher, but cyanobacteria remain low.  
With these results, I propose that the apparent lack in relationship between concentration 
of hydroxamates and DO (and Fe), is due to two independent mechanisms, that can be 
induced by cyanobacteria under two different Fe circumstances: (1) weak ligands are 
produced as Fe levels are decreasing, and cyanobacteria cells have not yet produced the 
necessary transporter proteins within their cell membranes to receive the Fe-siderophore 
complexes, and (2) when concentrations of Fe have become limiting, cyanobacteria can 
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produce both ligands and transporter proteins to access a new pool of Fe.  The difference 
in hydroxamate production efficiency is due to total cyanobacteria biomass being lower 
at lower DO and higher Fe, therefore, requiring each cyanobacteria cell to produce more 
ligands. This proposed theory is congruent with marine studies that have found two types 
of ligands produced in two different environments of Fe (Wilhelm et al., 1996).  
 Lastly, the concentration of catecholates showed a similar relationship to DO, as 
did concentrations of measured labile Fe, where more catecholates were found in lakes 
with lower concentrations of DO (Figure A7.9).  This indicated that catecholates in lake 
waters may be internally derived from resuspension of sediments, as evidenced by lower 
DO (and possible anoxic conditions), and fluctuating Fe speciation.  At low DO, there is 
more Fe available, which may also be attributed to by the resuspension of Fe-containing 
catecholates from the sediments below. 
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Figure A7.1 Frequency distribution of dissolved oxygen (DO) concentrations in study 
lakes, with distinguished thresholds based on Jones (2011).  
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Figure A7.2 Scatterplot of pH vs. dissolved oxygen (DO).  There was a significant 
correlation between pH and concentrations of DO (r
2
=0.64, p<0.001) (data were log 
transformed to pass regression assumptions of normality and constant variance).  
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Figure A7.3 Scatterplot of dissolved oxygen (DO) vs. total algal biomass, indicated by 
concentration of chlorophyll-a.  
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Figure A7.4 Scatterplot of dissolved oxygen (DO) vs. modeled ferric (Fe
3+
) ion 
concentrations (r
2
=0.53, p<0.001).   
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Figure A7.5 Scatterplot of dissolved oxygen (DO) vs. There was a significant correlation 
with decreasing measured labile iron as DO increased (r
2
=0.69, p<0.0001). 
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Figure A7.6 Scatterplot of dissolved oxygen (DO) vs. cyanobacteria biomass, indicated 
by concentration of phycocyanin. 
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Figure A7.7 Scatterplot of dissolved oxygen (DO) vs. concentration of hydroxamates. 
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Figure A7.8 Scatterplot of dissolved oxygen (DO) vs. concentration of hydroxamates 
normalized to cyanobacteria biomass.  
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Figure A7.9 Scatterplot of dissolved oxygen (DO) vs. concentration of catecholates. 
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